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Preface

This book presents recent developments in the area of narrow and smart textiles,
presented during the “International Week of Narrow and Smart Textiles
19–23.02.2018” in Mönchengladbach, Germany. The week combines three scien-
tific events—Braiding Colloquium, Narrow Weaving Colloquium, and Smart
Textiles Colloquium. Around the event are organized two courses—for patterning
in the braiding and multilayer shuttle weaving. More as the half of the presenters on
these events are coming directly from the world leading machinery and technology
development centers and companies. They as usual are obligated to keep their
secrets far from the publicity and do not participate with manuscripts in this book.
Nevertheless, this book presents 23 new developments—new machine concepts,
solar cells, simulation of light transmitting polymers, new finishes, 3D textiles, and
some more, which we hope to be interesting for the readers.

Mönchengladbach, Germany Yordan Kyosev
Boris Mahltig

Anne Schwarz-Pfeiffer
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Connected Ribbons-Design as a Key
to Service’s Materiality

Florence Bost

Abstract Since the arrival of electronics in the textile field, the ribbon transformed
into e-ribbon inaugurates its functionalities with two unseen features in hand: it
joins together physically and electronically different worlds, arriving to the trans-
formation of itself into an electronical component, in other words, materializing the
service. The e-garments, as well as e-ribbons, intimately ally esthetics with utility.
Halfway between product design and fashion, it is obliged to integrate the end
user’s opinion and think about new services to offer to the digital world. Going
from connectivity through clients support and new marketing strategies, E-ribbons
are getting their way in shaking the secular habits of a dynamic field, and yet, a
linear one. The narrow textiles have a pioneer and strategic role to play NOW.

Keywords E-ribbon � Design � Materiality � Flexible connectics

1 E-Ribbons, an Ecosystem in Itself

Since the arrival of electronics the ribbon, then e-ribbon, opens its functionality
with two key unprecedented features: harmonization (of different elements, often
disparate, battery, and electronical device in the least case) and its transformation
from the status of an ornament to that of a true electronical component (sensors and
even actuators). Its flexibility, physical as well as of implementation, was only the
beginning of a chameleon-like transforming ability. Nothing magical, however, if it
is not a textile-bound solid based history and a long time organic role in its
applications. Ribbons always had the task of assembling and putting together dif-
ferent universes; oscillating at ease between these two worlds, ribbons acquire
today a mediator scope.

F. Bost (&)
Sable Chaud, 5 Place de La Porte de Champerret, 75017 Paris, France
e-mail: florence@sablechaud.eu
URL: https://www.sablechaud.eu

© Springer International Publishing AG 2018
Y. Kyosev et al. (eds.), Narrow and Smart Textiles,
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1.1 E-Ribbon, More Than a Ribbon, an Artery

Because of their applications, ribbons have always went with textile’s transfor-
mation. They may be rigid, semi or totally flexible at the occasion. Their use is,
among other reasons, about joining (facing), holding (strap), to protect (tubular
bandage) or yet, be the discreet support of a system (zipper). Most often the ribbon
is associated to a technical function and its adaptability, ease to personalize and low
cost, position it as indispensable. Getting hold of it by a service linked to the digital
world, allows it to become the main artery of a network, discreet or not discreet, and
makes ribbons ambassadors to technology. It actually materializes services’ pres-
ence and longevity.

1.2 E-Ribbon, the Electronical Support of the Near Future?

The booming applications are those with radically electronic oriented functions.
E-ribbons place themselves in the comfortable position of being the soles in both
families of electronic devices which are sensors and actuators, to propose a flexible
solution in a rigid or at its best semi-rigid universe. Thus, a ribbon that sensors
humidity or a connected zipper (Fig. 1), join flexibility, functioning security, ease
of implementation and maintenance. In this context, the ribbon is the modest
component of an invisible and complicated architecture. The digital world is
familiar with this transversal organization, but not the textile field, used to a more
linear operating. The textile field learns that electronics engineers, programmers,
data analysts, signal processing specialists, Ux designers, etc. … that they all work
in parallel, specifications interfering between them. E-ribbon’s force might be that
of being the visible support of this whole operation. It may propose or even
implement, if it gives itself the means, a textile logic with a new approach of
electronical conception.

1.3 E-Ribbon, the Service’s Materiality

What does materializing a service mean? The sunken part of the iceberg brings
upon important and practical notions such as simplicity, after-sales services (ASS),
ergonomics, but also more sensible ones as the security of data circulation, optimal
data captation, handicap or supra-performance perception, longevity of the device,
technological limits, humanity and ethical approach. The e-ribbon almost becomes
a product in itself, where the personality, as discreet as it may be, will provide as
much information to the end user as to the different actors in the manufacturing
process (fashioning, maintenance and care, repairs …). The designer’s know-how
in this field is a keystone whose technicality has nothing to envy to that of
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engineers’ skills. For example, making electrical network apparent or not is a choice
which may facilitate understanding how the system functions, simplify the ASS.
And the availability of efficient technical surface treatments goes in this direction,
as is the case today for conductive embroidery.

2 Design Methods, Understand Each Other to Work
Together

What do you judge when you buy clothing: esthetics. What do you look for when
you purchase a product: usefulness. E-textiles and in particular e-garments bring
together both. If esthetics seems to vanish beneath technique it is that e-clothing is
clothing that has features. It needs for a product design which brings together actors
in the design, production and commercial fields such as engineers, developers,
stylists, designers, marketing agents, … but most of all, the final user. This does not

Fig. 1 Connected
zipper «Zip and go®» -
Génius Objects–2017
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mean they will all work together at the same time, but it does mean that they will all
be implicated since the beginning of the project and will assure the smart and
conception of a useful product (Fig. 2). The development process of E-ribbons
follows the same pattern and demands the coordination of the different corporations
who struggle still today to agree. Well, in order to work together one must be
conscious of the others’ skills. Which electronical engineer, programmer or mar-
keting agent has stepped into a knitted production chain, or a weaving one, or a
dressmaking workshop? Which stylist or textile engineer has initiated itself into
programming? At Fablab times, excuses are no longer admitted. Here is a brief on
the process of creation for designers, engineers, and fashion designers.

2.1 Engineering, a Team Centered on Industrial Feasibility

The development of portable electronic device results from precise specifications
being previously given by a client. They differ highly in accordance to technical
choices (analogue, digital, communication protocols, types of sensors, etc.). Their
setting up is complicated and each step has to be tested before proceeding to a
pre-series production. Professions interlink and work in parallel: electronics,
computers (for programming and algorithms) sometimes even outside experts (in
the medical field). Their abundant exchanges (Fig. 3) take place between profes-
sions who work in the same way, step by step, joined by unavoidable equipment
costs. This process often needs from 2 to 3 years.

2.2 Fashion, a Team at the Service of a Personality

If the collections of sportswear, medical and EPI (functional garments) are related
because of their strong technical constraints and submitted to a particular product
design whose process is described later, the ready-to-wear collections are mostly
oriented by a personality: the fashion designer. He is designer of a universe, he tells

USER

PURPOSES AND
FUNCTION

CONCEPT

VALUES

Design team :
designer, dressmaker, engineer, electronics 

programmer, expert, ergonomist, 
customer service, marketing... 

N prototype USER N+1 Prototype Pre-production
Commercialization 

Copyright Sable Chaud - Modelab 2017 ® 

Fig. 2 Exchanges during an e-garment creation process
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a story that is going to link together all the pieces in his collection. The models of
his plan for the collection are being adjusted as indications are being given to the
chief of the workshop by the fashion designer. The garments are assembled in the
chosen materials in order to establish the real manufacturing costs (minutage, poses,
accessories, and marges). Then a pre-series with repetitions are made in order to
present the models at a fashion show and to the brand’s showrooms. In short, there
is someone who gives the orders and a series of performers with their back and
forths for validation (Fig. 4), all this on a seasonal basis, sometimes monthly.

2.3 The Product, a Team Around the End User

In the case of product design, use and the end user are placed at the center of the
design process. Priority is given to functionality, ergonomics and products’
esthetics. All actors make several back and forths between them adapting constantly
according to end users feedback. Product design may last for 2 or 3 years following
the complexity of the project. The team is composed of a multitude of skills going
from the engineer to the designer, the ergonomist, plastics specialist, color spe-
cialist, the designer Ux, and so on.

FASHION
DESIGNER

MOOD

Model Design team :
dressmaker,  stylist... 

moor-wohSpohskrowtnemraGnalpegnaR
& fashion show

Copyright Sable Chaud - Modelab 2017 ® 

Fig. 3 Exchanges while creating a fashion collection

USER 

PURPOSES AND
FUNCTION

CONCEPT

Design team :
designer,  ergonomist, 

engineer, colorist... 

N prototype N+1 Prototype Pre-production
Commercialization 

Copyright Sable Chaud - Modelab 2017 ® 

Fig. 4 Exchanges during a product design creation
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3 Collaborative Innovation’s Future

The ribbon industry has good days ahead with the condition that she builds col-
laborative alliances with similar industries as well as complementary ones. The
ribbon’s narrow and long surface is an increased link of the flexible world (textiles)
and the rigid one (electronics). It adapts to all commercial situations, from proto-
typing to small, medium, and large-scale series. It has a role to play in the life as
well as the product’s maintenance. But in order to master the market, the ribbon
industry has open into following its clients and the creation of new services as are
after-sales services and connection. Two fields to which she is quite hermetical for
the moment.

3.1 Marketing, a Time-Table Strategy

In all the clothing sectors taken together, the e-garment’s success is also related to
the coherence of design and marketing, joined efforts from now on. Performance is
crucial to the success of these hybrid products. Marketing has to have, on one side,
the market’s acceptance of new services, in a direct manner or by means of a partner
(start-up, updates, ASS). It has on the other side to compile an opportune time-table
that will transform development’s time gaps (manufacturing, engineering) into
assets (Fig. 5). Thus, a mature and progressive marketing will comfort the customer
about the services that are being proposed to him. The customer is not credulous.
The integration of a new technology does not betray, it shows in a flash the real
implication of society in understanding its needs. This reality concerns the product
collections for the public (B to C) as much as it does the B to B.

Copyright Sable Chaud - Modelab 2017 ® 

Fig. 5 Time coordination between technical maturity and the collection’s time-table
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3.2 Client Support, a Novelty for the Textile World

The e-textile industry and even more the e-ribbon industry have to understand that
they cannot sell just a textile product but a complete variety of services. In order to
anticipate the technical demands but also to help the neophyte clients, those services
go from the anticipation of technical demands up to the realization of half-finished
products. Pre-connected ribbons, that is, passing through a true support to the
client’s project. Establish the technical specifications with the client in a precise and
realistic way, is a starting point that guarantees at least a good development of the
product. It is also the customer’s fidelity assurance and a natural protection since it
is difficult to copy know-hows based on a cross-experience between different fields
without taking the same path. Last but not least, it is an obvious opening to new
markets.

3.3 Flexible Connectivity, the Key to Success

In the digital world, all systems need connectivity. It is also its weakness and the
delight of after-sale’s services. It is expensive, ugly, and least ergonomic seen from
the textile’s point of view. Flexible connectivity remains to be completely invented.
To believe that it is not the responsibility of the textile industry and the narrow
textile’s in particular, is allowing the electronics to impose their logic, the finish, its
prices, but most of all, definitely close the commercial opportunities which may
also be the profit to others.

Flexible connectivity design is a strategic turning point for the textile world in
order to guarantee the rising of new markets. As for the narrow textile, this becomes
an emergency at various levels:

– Guarantee commercial longevity giving nonexistent key-in-hand solutions.
– To integrate the dressmaking logic in the electronical process
– To inaugurate new markets by the alliance of electrical performances and

flexibility (suppleness, torsion, personalisation, washable …)

4 Conclusion

Mark Weiser, father of the concept of ubiquity, writes in the article of reference « The
computer for the twenty-first Century » [1]:

« The most profound technologies are those that disappear. They weave them-
selves into the fabric of everyday life until they are indistinguishable from it »

Connected Ribbons-Design as a Key to Service’s Materiality 9



An important task for industrials, researchers, and designers remains undone in
order to give fluid design and marketing of flexible connected textiles back. The
complexity and the natural inertia of the textile field are however its interior
intelligence and formidable assets in front of recent technologies lacking sometimes
of an overall perspective.

So, it has never been more crucial to gather efficient transversal teams and bring
the end user at the heart of the process, since the competition is reactive. The
narrow textiles have a pioneer and strategic role to play … NOW
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Modelling of Light Emission in Tapes
Woven with Polymer Optical Fibres

Lisa de Mol, Harm Wisselink, Niels Gardenier and Edwin Lamers

Abstract For the treatment of dermatologic diseases such as actinic keratosis with
photodynamic therapy (PDT), a light emitting fabric (LEF) is developed. The light
emission of the LEF should be as homogenous as possible to assure a successful and
pain-reduced treatment. The considered LEFs are tapes, that are woven with polymer
optical fibres (POFs). The light emission varies for different weaves. A prediction of the
light emission by modelling and simulation is expected to give insight in the processes
and help with the investigation of finding a tape with the most homogenous light
emission. In this paper, a modelling procedure is presented, with which the light
emission can be regarded based especially on the weave type and setting. The modelling
procedure incorporates weaving simulations as well as ray tracing simulations. To
discuss the importance of weave settings on the light emission, tapes that are woven with
different warp tensions are regarded. The applicability of the modelling procedure to
predict light emission of complete weaves is shown.

1 Introduction

A light emitting fabric (LEF) is developed for the use in photodynamic therapy
(PDT) for the treatment of dermatological diseases, such as actinic keratosis. The
treatment requires light with a certain wavelength. In Europe, red light (630 nm) is
used, while in the USA, blue light (450 nm) is the standard (see [9]). Currently in PDT,
the patient is treated by light-emitting diodes (LED), which leads to a non-uniform
distribution of light on the patient’s body. A more homogenous distribution of light on
the human body is desired, since in this way the light intensity and thus the sensation of
pain can be decreased. The more homogenous distribution will be realized by the
application of LEF in PDT. The use of a fabric, instead of a fixed panel of LEDs, has
also practical advantages, such as portability. The LEF has light input from two sides.

L. de Mol (&) � H. Wisselink � N. Gardenier � E. Lamers
Reden BV, F. Hazemeijerstraat 800, 7555RJ Hengelo, The Netherlands
e-mail: l.demol@reden.nl
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An example of an LEF is shown in Fig. 1. Some research still needs to be conducted to
find the type of fabric that produces the most homogenous light output. More infor-
mation on PDT and LEF can be found in [9].

An optical fibre is a cylindrical waveguide that transmits light along its axis. It
consists of a core surrounded by a cladding layer. Light that enters the optical fibre
is propagated through the core and the cladding which is described by Snell’s and
Fresnel’s laws. The location where the light leaves the fibre can be influenced by
bending the fibre. This is called macro-bending. This means that the desired light
output can be controlled by the shape of the POF. The LEFs regarded in this paper
are biaxial weaves, where the fill yarns are polymer optical fibres. The polymer
optical fibre (POF) used here is a Toray Polymer Optical Fibre PGR-FB250.

A modelling procedure is set up to predict the light output of a tape based on the
shapes of the POFs. These shapes are extracted from weaving simulations of the
tape. Modelling and simulation are expected to help understand the phenomena of
light propagation in LEF and assist in developing a type of fabric with the most
homogenous light output.

2 Modelling Procedure

In order to predict the irradiance of light emitting textiles, several modelling steps
are considered. First, a weaving simulation with the POFs is conducted. The sim-
ulation is capable of modelling any biaxial weave. From the weaving simulation,
the fibre paths of the POFs are extracted. These fibre paths then serve as input for a
ray tracing program. Here, light rays are propagated through a POF geometry and
light emission is calculated.

Fig. 1 Photography of a light emitting fabric with light input from two sides, [7]

12 L. de Mol et al.



3 Weaving Simulation

An explicit finite element weaving simulation is conducted in ESI PAMCRASH
(ESI Virtual Performance Solution [5]) to extract a POF’s path in any biaxial
weave. Since the fibre shape is not only dependent on the type of weave but also on
all process setting during weaving, the simulation mimics the real weaving process.
A more thorough discussion on the weaving simulations itself and the importance
of the weave setting on the final shape are discussed in [10].

One of the weave settings is the tension on the warp yarns. This tension is
controlled via a weight per yarn in real weaving (see [8]). It is also taken into
account in the weaving simulations. The cases 40, 63 and 87 g per warp yarns are
regarded. After weaving, the tensions on the yarns are released. Plasticity is taken
into account because of its effect on the shape of the yarns after tension release.

The fill yarns used in the weaving simulation are PMMA Toray (250 lm) and
the warp yarns Polyester Sinterama (330 dTex) with a density of 20 per cm, which
are also used in [9]. The optical fibre is a monofilament yarn and modelled with
beam elements, whereas the warp yarns are multifilament yarns, consisting of
several filaments per yarn, each modelled with bar elements.

As output of the simulation, the shape of the yarns within one unit cell should
suffice. With a unit cell, which is the smallest repetitive element within a structure,
weaves of any requested size can be created by translation of this unit cell.
However, to diminish the influence of boundary effects on the regarded unit cell, it
is found better to weave 3 � 3 unit cells and regard only the central one. Exemplary
results of a weaving simulation of a satin 4 weave are shown in Fig. 2.

Fig. 2 Example of a satin 4 (87 g) weave. The POFs (fill yarns) are green, the warp yarns are red.
The central unit cell is marked by a black box. 3 � 3 unit cells can be recognized

Modelling of Light Emission in Tapes Woven … 13



The monofilament POFs (green) can be distinguished from the multifilament warp
yarns (red). In the picture, the 3 � 3 unit cells are recognizable with the central unit
cell marked by a black box.

4 Data Preparation

As already mentioned, the output from the weaving simulation is the POF shape in
a unit cell. Before it can serve as input for the ray tracing program, the unit cell data
has to be translated to the requested fibre length. To do so, the unit cell needs to
contain a periodic set of data. This means that after translation of the unit cells, the
data at the interface between two unit cells should describe a continuous and
smooth curve.

The POF is discretized in nodes and elements. As data points, the nodal coor-
dinates are regarded. The nodes will not lie exactly on the unit cell’s edges and so
the data set is not periodic as shown in Fig. 3. So from the existing data set, a
periodic data set needs to be created in order to be able to describe a fibre at its full
length.

This data set is obtained by a rotation and translation of the complete set of nodal
coordinates. Additionally, a Fourier transformation and its inverse are conducted to
get a periodic data set. The data is transformed into the frequency domain (Fourier
transform), where its high, in this case disturbing, frequencies are deleted before it
is transformed back (inverse Fourier transform).

The resulting data set, that can be used to describe a full length of a POF, is also
shown in Fig. 3.

Fig. 3 POF’s path as
extracted from weaving
simulation, as well as after
data preparation for ray
tracing. The unit cell has a
length of 2 mm and is marked
by the vertical striped lines.
The x-axis is the axis in POF
direction, the y-axis is the out
of plane direction
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5 Ray Tracing Simulations

Snell’s law (Eq. 1) describes the relationship between the angles of incidence h1
and refraction h2, when light passes a boundary between two media with refractive
indices n1 and n2.

n1 sin h1 ¼ n2 sin h2 ð1Þ

When light travels from a medium with a high refractive index towards a
medium with a lower refractive index, then Snell’s law predicts that rays with
incident angles larger than the critical angle hC will be completely reflected. Rays
incident with an angle below hC will be partially reflected and refracted. The
Fresnel equations describe the fraction of the incident power of the split ray, which
is reflected and refracted, as shown in Fig. 4.

An optical fibre is a cylindrical waveguide that transmits light along its axis and
consists of a core surrounded by a cladding layer. Because the refraction index of
the cladding is lower than the refraction index of the core, the rays remain inside the
core of the fibre due to total internal reflection (TIR). However, when the POF has
been bent, some of these rays leave the core as the angle of incidence becomes
larger than the critical angle (Fig. 5). This phenomenon is called macro-bending.
The attenuation due to macro-bending depends on the refractive index difference of
core and cladding, the radius of bend (curvature), the number of bends and the
length under bend.

Ray tracing can be used to follow a ray of light in a multimode step index fibre
as used in this project [6]. A ray tracing program has been developed in order to
predict the propagation and emission of light through an arbitrarily shaped POF.
The ray tracing program uses Snell’s law and the Fresnel equations to calculate the
path of a ray at every reflection point. It is assumed that the light is unpolarized. The
ray tracing program follows the rays in the core and cladding. Rays hitting the core/
cladding or cladding/air interface may be split at every reflection/refraction and will
be radiated gradually as rays inside the cladding are ‘leaky’.

In order to model the ‘leaky’ cladding, a loss factor is introduced in the model.
For every ray hitting the cladding–outside interface, a fraction of the light is

Fig. 4 Reflection, refraction and total internal reflection of light between two media (n1 > n2)
(Wikipedia)
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radiated perpendicular to the POF surface, independently of the Snell/Fresnel
equations. This accounts for other loss mechanisms such as micro-bending and
impurities inside the fibre. In micro-bending, an edge emitting fibre is obtained due
to a slightly inefficient core/cladding boundary caused by high frequency pertur-
bations of the waveguide.

With a Monte Carlo analysis many rays, with randomly varying initial position,
angle, etc., are traced inside the POF. The calculation time depends on the number
of rays and the shape and length of the POF.

The properties of the POF, the diameter and refraction indices, can be varied.
The shape of the POF is described by a collection of points on the POF centreline.
A smooth cubic spline is used to interpolate these points resulting in a smooth
description of the POF with continuous curvatures. These points can be obtained
from analytical functions, measurements or in our case from finite element simu-
lations of a weaving process as described in the previous section.

The output of the program is the intensity of light inside the POF and the light
leaving the POF can be measured using detector planes.

The results of the ray tracing model are explained using a typical result for a
180° bent fibre with a bending radius of 2.5 mm shown in Fig. 6. Here,

Fig. 5 Light leaving fibre
due to macro-bending [3]

Fig. 6 Examples of a guided ray (left) and a scattered ray (right) in a bended POF
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two typical rays are shown with a different initial angle. One ray is able to pass the
bend without any loss. The other ray is guided in the initial straight part but enters
the cladding in the curve. Here, this ray splits into many rays each with a lower
intensity. Part of the light is emitted to the surroundings.

A Monte Carlo analysis with typically at least 1000 rays is performed. The rays
enter the POF with equal intensity but with a random angle and random position
within the core. The intensity of the light is presented in Fig. 7. The sum of the
intensities of all rays entering the POF is scaled to 1. It can be seen that the intensity
of light inside the core is decreasing. Light is transferred from the core to the
cladding just after the injection of light and directly after the transition from straight
to curved. The light in the cladding is not emitted to its surroundings immediately,
but slowly emitted over some distance after the curvature change.

POFs with a constant curvature (as shown in Fig. 7) do not lose light anymore after
some distance. To be able to emit all light, an undulating shape as in weaving is
required. Simulations show that the light lost in a bend depends on the distribution of
the rays before the bend, which was also seen by [4]. This means that ray tracing cannot
be applied on a unit cell to predict the emission of a complete weave and therefore the
fibre with its full length needs to be included in the ray tracing simulation.

6 Ray Tracing Validation on Single POF

The ray tracing results have been compared with numerical and experimental results
from literature [1], [2], [4]. The general trends agree qualitatively.

Tests have been carried out on a single POF using white LED light. Some
specially designed fixtures are used to control the exact shape of the POF, one with

Fig. 7 Intensity of light inside the core and cladding of the POF
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a number of constant radii and one with a cyclic bending pattern, which mimics the
weaving pattern (Fig. 8). Here, the light intensity leaving the fibre at the end has
been measured before and after bending the fibre. Again, the major trends were
captured well by the ray tracing simulations.

7 Results

To show the importance of weave settings on the fibre shape and on the final light
output of the fabric, results of simulations with varying tension on the warp fibres
are discussed. A satin 4 weave, which is shown in Fig. 2, is woven with 40, 63 and
87 g tension on the warp yarns. All other weave settings are unchanged.

It is expected, that a higher tension on the warp yarns, will cause more undu-
lation in the fill yarns, in this case the POF. Figure 9 confirms this hypothesis. Here,
the POF’s shape is shown after data preparation for ray tracing. The POF that is
regarded is the first one from the bottom with the unit cell shown in Fig. 2.
The POF in the 87 g weave do indeed have a higher amplitude.

The weave settings do not only influence the POF’s shape, but also the light
emission. Figure 10 shows the cumulative light emission as a fraction of the light
input. So at 0 no light is emitted and at 1 all the incident light is emitted.

Fig. 8 POF experiment with constant curvature (left) and with cyclic curvature (right)

Fig. 9 POF’s shape used in
the ray tracing simulations.
5 mm of a total of 22 mm
length is shown
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A relation between the weave settings, the POF shape and the light output can be
seen. The higher the tension on the warp yarns, the higher the undulation of the
POFs and the faster the POF emits light.

The existing results do already contain enough information to describe the light
emission of a complete weave. The POF with the complete length of the weave is
used as input for the ray tracing program. The unit cell’s character can now also be
used to translate the results in warp direction. So the existing four POFs of the unit
cell could describe a weave with any requested length in warp direction. As an
example, Fig. 11 shows the cumulative light emission of a complete weave with the
length of 15 unit cells in warp direction. Only the first 50 mm in fill direction are
plotted.

The boundary effects in a real weave on the POF’s shape at the weave’s edges
are not taken into account yet.

Fig. 10 Cumulative light
emission as a fraction of light
input over the first 50 mm of
the POF’s path, taken from
the satin 4 (87 g) weave

Fig. 11 Contour plot of the cumulative light emission as a fraction of light input over the first
50 mm of the satin 4 (87 g) weave with the length of 15 unit cells in warp direction
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8 Summary and Outlook

A modelling procedure was set up to predict light output in a light emitting fabric.
This procedure consists of a weaving simulation, the extraction of the fibre shape
from this simulation and a ray tracing simulation based on this shape. Results from
the ray tracing program are validated against numerical and experimental literature
results, as well as against a set of test. The results are qualitatively in good
agreement. It is then shown that the weave settings matter for the light output. The
light output of single POF of a weave with varying tension on the warp fibres is
investigated. A clear correlation between warp fibre tension, the POF shape and the
light output is presented.

With the modelling procedure, light output from a complete weave can now be
predicted. The weave type and the weave settings, which lead to the most
homogenous light output, are now being investigated. The simulation results will be
compared to experimental data.
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Interesting Mechanical Properties of 3D
Warp Interlock Fabrics

F. Boussu, S. Picard and D. Soulat

Abstract The purpose of this study is to analyse the influence of weaving
parameters of 3D warp interlock fabrics on their mechanical properties. Using the
same yarns in the warp and weft direction, four main product and process
parameters have been chosen as the weave diagram, the weft density and positions
of stuffer and linking warp yarns inside the woven structure. Based on several 3D
warp interlock architecture produced on the same dobby loom, the mechanical
characterization of these fabrics have been performed by unidirectional tensile and
bending tests, both in the warp and weft directions. Thanks to this complete pro-
tocol; a comparison between 3D warp interlock woven architectures has been done
to reveal the influence of process and product parameters on their mechanical
performances.

1 Introduction

The 3D warp interlock fabrics have demonstrated higher mechanical properties than
2D fabrics stacked together as laminates as fibrous reinforcement for composite
material. Dedicated scientific review, added by our own research results [1–6], have
enabled us to cross-check and confirm the results of the mechanical properties of
3D warp interlock fabrics. These structures, because of their specific consolidation
method in the thickness, exhibit advantageous mechanical properties [7].
Recurrently, 3D warp interlock fabrics increase resistance to delamination [8–13]
and the impact resistance [8–11, 14–23]. Episodically, some researches have shown
improved properties of resistance to crack propagation, damage tolerance and
dimensional stability [15].

Despite all of these research results, the link between the 3D warp interlock
fabrics product parameters and their resulted mechanical properties appears not yet
revealed. Thus, the purpose of this study tries to answer these two main questions.
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First: Considering the same weaving loom, what are the differences between the
geometrical model and the real geometry of the 3D warp interlock fabrics?

Second: What are the main differences in mechanical properties between several
3D warp interlock architectures?

2 Experimental Approach

According to our definition of 3D warp interlock fabrics [24], four architectures
have been chosen to reflect the four different family types of 3D fabrics, as
described in Hu [25]. The distinction of these four family types is led by the
evolution of the binding warp yarn as Orthogonal or Angle coupled with its
thickness depth as layer-to-layer or through-the-thickness.

For this study, the following 3D warp interlock fabrics architectures have been
defined as:

(a) O-L 3 4-2 twill 5 weave, 28 picks/cm, 10 ends/cm, without stuffer warp yarns
(b) A-L 4 3-2 twill 4 weave, 70 picks/cm, 10 ends/cm, with stuffer warp yarns
(c) O-T 4 3-4 3 by 3 basket weave, 20 picks/cm, 10 ends/cm, with stuffer warp

yarns
(d) A-T 4 5-4 twill 6 shaped weave, 40 picks/cm, 10 ends/cm, with stuffer warp

yarns

For instance, the fabric O-L 3 4-2 twill 5 weave corresponds to an Orthogonal
architecture with a Layer-to-layer binding yarn on three layers, linking with a step
of four weft yarns columns and thickness depth penetration of two layers, and
finally following the twill 5 weave diagram.

All these fabrics have been woven on the same dobby weaving loom and with the
same warp and weft yarns as a Twaron 2000 filaments/yarn, 336 Tex, 60 twists/m.

Taking into account these produced fabrics, observations of the real geometry in
the two directions have been first done.

3 Geometrical Comparison

Based on these four different 3D warp interlock fabrics architectures, a low-speed
resin infusion process has been applied to each of these fibrous reinforcements in
order to keep as safe as possible their initial geometry. Then, 3D fabric slices have
been obtained both in the warp and weft directions to be compared with geometric
scheme made on Wisetex software [26].

The first fabric, labelled (a), does not contain any stuffer warp yarns on the three
weft yarns layers; while the others, labelled (b), (c) and (d) include stuffer warp
yarns between each of the four weft yarns layers.
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(a) O-L 3 4-2 twill 5 weave, 28 picks/cm, 10 ends/cm, without stuffer warp yarns
(b) A-L 4 3-2 twill 4 weave, 70 picks/cm, 10 ends/cm, with stuffer warp yarns
(c) O-T 4 3-4 3 by 3 basket weave, 20 picks/cm, 10 ends/cm, with stuffer warp

yarns
(d) A-T 4 5-4 twill 6 shaped weave, 40 picks/cm, 10 ends/cm, with stuffer warp

yarns

The geometrical model of each of the 3D warp interlock fabrics is represented in
Table 1, with cross-section of weft yarns and warp yarns evolutions.

The 3D views of each of the 3D warp interlock fabrics architectures are given in
Table 2.

3.1 Observations in the Warp Direction

The real and modelled geometries of the four 3D warp interlock fabrics are rep-
resented in Table 3 using weft cross-section views.

Table 1 Weft cross-section
views of the geometrical
representation of the four 3D
warp interlock fabrics

Orthogonal Angle

Layer to 
layer

(a) (b)

Through 
the

thickness

(c) (d)
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Comparing the following fabrics, 3D warp interlock O-L 3 4-2 twill 5 weave and
3D warp interlock O-T 4 3-4 3 by 3 basket weave, similar geometries with real and
simulated models can be observed. The warp yarns evolutions, inside the real 3D
warp interlock fabric, follow the same path as the one mentioned in the simulated
geometry.

On the contrary, considering the other fabrics, 3D warp interlock A-L 4 3-2 twill
4 weave and 3D warp interlock A-T 4 5-4 twill 6 shaped weave, the warp yarns
evolutions are slightly different from the geometrical models.

3.2 Observations in the Weft Direction

The real and modelled geometries of the four 3D warp interlock fabrics are rep-
resented in Table 4 using warp cross-section views.

None of these fabrics have a similar weft yarns evolutions by comparing the real
and modelled geometries. It can be highlighted a crimp evolution of the weft yarns
more pronounced for the real geometry than for the modelled geometry especially
for the 3D warp interlock fabric A-L 4 3-2 twill 4 weave.

Table 2 3D views of the geometrical representation of the four 3D warp interlock fabrics (warp
yarns in blue and weft yarns in grey)

Orthogonal Angle

Layer to 
layer

(a) (b)

Through 
the 

thickness

(c) (d)
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4 Mechanical Comparison

The same testing protocol has been applied on all these four 3D warp interlock
fabrics. One of the performed mechanical characterizations is a uniaxial tensile test
done in the two directions of the fabric. During these tests, the deformation speed
has been fixed to 100 mm/min with a pre-charge of 2 N. In order to compare all
these results between the different architectures of fabrics with different end and
pick densities, the force applied on the fabric has been divided by the number of
yarns in the direction of the test (in N/yarn) with respect to the elongation (%).
Based on these results given for each of the four architectures and both in the warp
and weft directions, the loss of crimp, the elastic behaviour, the maximal strain and
the corresponding elongation at its maximum value are revealed. For each of these
3D warp interlock fabrics, five specimens have been tested in each warp and weft
direction with a 5 cm width as regards the dimensions provided by the standard
EN ISO 13934-1.

Considering the force–elongation curve represented in Fig. 1, different parts of
this curve can be divided to explain the different 3D fabrics behaviour.

The first part of the curve corresponds to the loss of crimp and warp and weft
re-arrangements inside the 3D warp interlock fabric structure.

The second part displays the elastic behaviour of warp yarns during the tensile test.

Table 3 Evolutions of warp yarns inside each 3D warp interlock fabrics architectures

Weft cross 
section view

Orthogonal Angle

Layer to layer

(a) (b)

Through the
thickness

(c) (d)
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Thanks to these graphs, three comparison parameters can be evaluated as:

• The loss of crimp
• The elongation at break
• The maximal force.

Table 4 Evolutions of weft yarns inside each 3D warp interlock fabrics architectures

Warp
cross 

section 
view

Orthogonal Angle

Layer to 
layer

(a) (b)

Through 
the

thickness

(c) (d)

Fig. 1 3D warp interlock fabric force versus elongation curve during a tensile test
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4.1 Mechanical Comparison in the Warp Direction

In Table 5, the force–elongation average curves of each of the four 3D warp
interlock fabrics are represented for tensile tests done in the warp direction.

Considering the 3D warp interlock fabric O-L 3 4-2 twill 5 weave (labelled (a)),
the crimp loss appears after an elongation value of 4% and the standard deviation of
the average curve seems to be the highest of the four different types of architecture.

Considering the 3D warp interlock fabric A-L 4 3-2 twill 4 weave (labelled (b)),
the crimp loss has been revealed as the lowest value and the maximum force at
break the highest value. This can be directly linked to the straight positions of
stuffer warp yarns inside the structure as revealed in Table 3 (label (b)).

Considering the 3D warp interlock fabric O-T 4 3-4 3 by 3 basket weave
(labelled (c)), the average curve is quite similar to the 3D warp interlock fabric O-L
3 4-2 twill 5 weave (labelled (a)), with a slight increase of stiffness due to the
straight position of stuffer warp yarns inside the structure as observed in Table 3
(label (c)).

Considering the 3D warp interlock fabric A-T 4 5-4 twill 6 shaped weave
(labelled (d)), the lowest value of maximum force is obtained but with the highest

Table 5 Comparison of tensile tests applied in the warp direction

Warp
direction

Orthogonal Angle

Layer to 
layer

(a) (b)

Trough to 
thickness

(c) (d)
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value of elongation before break. By the same, the equal distribution of the binding
and stuffer warp yarns with respectively undulated and straight position inside the
3D fabric architecture, as observed in Table 3 (label (d)), can mainly explain these
two pics of mechanical behaviour.

The difference of weave evolution between stuffer yarns and binding yarns can
primarily affect the fabric behaviour in the warp direction and second the third part
of the curve. A high weave difference of these yarns can create a second pic during
the tensile test (third part of the curves). For the case where all the evolutions of
warp yarns are straight inside the fabric, the fabric stiffness seems to be higher (as
for labelled curve (b)).

When the difference of crimp has a low value, where all the yarns are not
straight, a certain amount of yarns will be first involved in the tensile resistance
before the others; which lead to distinguishing two cases.

In the first case, the second part of the warp yarns can work before the break of
the first yarns, so a structure stiffening can be observed during the test (as for
labelled curve (c)). In the second case, the second part of the warp yarns can work
after the break of the first yarns, so a second pic can be observed during the test (as
for labelled curve (d)).

Table 6 Comparison of tensile tests applied in the weft direction

Weft
direction

Orthogonal Angle

Layer to 
layer

(a) (b)

Through 
the

thickness

(c) (d)
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4.2 Mechanical Comparison in the Weft Direction

In Table 6, the force–elongation average curves of each of the four 3D warp
interlock fabrics are represented for tensile tests done in the weft direction.

Considering the 3D warp interlock fabrics A-L 4 3-2 twill 4 (labelled (b)) and
A-T 4 5-4 twill 6 shaped (labelled (d)), with respectively, 70 and 40 picks/cm, the
tensile tests measurement has not been able to register all the force–elongation
curve mainly due to highest values of pick densities which reach the limit of our
tensile bench.

Considering the 3D warp interlock fabric O-L 3 4-2 twill 5 weave (labelled (a)),
the highest values of crimp loss and elongation can be also explained by the
undulated position of weft yarns inside the structure, as revealed in Table 4 (label
(a)). However, the variation of values around the average curve seems lower than
the standard deviation previously observed in the warp direction.

Considering the 3D warp interlock fabric O-T 4 3-4 3 by 3 basket weave
(labelled (c)), the straight position of weft yarns inside the structure, as revealed in
Table 4 (label (c)), mainly explained the observed stiffness of the fabric with higher
value of force resistance and lower value of elongation.

In the weft direction, the influence of the binding appears less sensible than in
the warp direction, but most of the mechanical properties depend on the resulted
geometry given by the 3D warp interlock fabric architecture.

5 Conclusion

This research work aims at highlighting the main influence of the binding and
resulted geometry of 3D warp interlock fabrics on their mechanical behaviours.

The binding can affect the crimp loss value correlated with the elongation value,
both in the warp and weft directions. But the binding is not the only parameter
which can affect the mechanical properties of 3D warp interlock fabrics. A high
pick density value can also affect the geometry of the fabrics and lead to an
equilibrium of floats.

An additional research study based on the other product parameters can be useful to
improve the knowledge on the mechanical behaviour of these 3D warp interlock fabrics.
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Fibers and Textiles for Fully Bio-Based
Fiber Reinforced Materials

Thomas Grethe, Boris Mahltig, Haoqian Miao, Thomas Kick,
Hajo Haase, Mark Kopietz and Sergiy Grishchuk

Abstract Textile materials and their modifications for use in bio-based fiber
reinforced materials are presented. Main results are related to hydrophobic and
antimicrobial functionalization, to make the natural fiber materials more suitable for
application in composite materials. To realize a fully bio-based composite, it is the
challenge to evaluated also bio-based finishing agents offering the wished
properties.

1 Introduction

Fiber reinforced materials are useful in several fields of construction and are part of
daily life nowadays. These materials are used in construction in different areas, as
e.g., aircraft, automotive, bicycle, energy production, etc. [1–5]. In a simple view,
they are build up by a textile construction and a polymer matrix surrounding the
textile. For many high-performance applications, the textile is made from inorganic
fibers, as carbon- or glass fibers. The polymer matrix is made of synthetic polymers.

In comparison, a fully bio-based reinforced material contains both textiles and
polymer matrix from renewable resources. Of course, with view on the fiber
strength, the use of natural fibers is disadvantageous compared to composites
containing inorganic fibers. However, the use of natural fibers in composites
materials offers several advantages. These advantages are based on material,
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economic and ecologic reasons. The material advantage of natural fibers is related
to their low density especially compared to glass fibers, so composite materials of
lower weight can be realized [5, 6]. The economic advantage of natural fibers is
related to their price with is quite low compared to glass and carbon fibers [7, 8].
The ecologic advantage of natural materials is that their recycling is easily possible
compared to composite materials containing inorganic fibers [3, 5, 9].

However, for application in composites, natural fibers have mainly two disad-
vantages, both are related to their hydrophilicity. Natural fibers can take up sig-
nificant amounts of water [10–12]. This uptake of water can leads to changes in
fiber volume, which can promote crack formation in the matrix of the composite
material. Also, the presence of water can promote the growth of fungi and bacteria,
which can be part of a biocorrosion of the composite material.

For this, it is important to modify natural fibers used in composites with
hydrophobic and antimicrobial properties. Of course in a fully bio-based composite,
these hydrophobic and antimicrobial properties should be realized by using also
bio-based agents.

2 Pretreatment of Natural Fibers

2.1 Hydrophobization of Textile Fabrics

For realization of hydrophobic properties, the textile fabrics are treated with dif-
ferent hydrophobic finishing agents, containing chemical components as Tung oil,
natural oils, amino acids or suspensions of polyisoprene. These chemicals are
bio-based and evaluated in their application as water-based recipes. These
hydrophobic components are partly cross-linked after application onto the fibers
and covalently bonded to the fiber surface. Application onto the fabrics is done by
padding, which is followed by thermal drying and fixation.

2.1.1 Application of Natural Oils

Natural oils can be used to apply hydrophobic properties onto textiles. These
natural oils are not applied as pure substances. Instead of this, they are part of a
water-based finishing agent, which is containing also other components. Important
components are surfactants which are necessary to stabilize the water/oil recipe
against phase separation. Oxidative agents as sodium persulfate are added to
improve cross-linking after application on the textile surface [13].

Best results are gained in actual investigations by usage of the Tung oil, which is
a natural oil produced from the Tung tree originated in China and an established
agent for the treatment of wooden materials [14–16]. The Tung oil containing
recipes are applied onto linen fabrics by padding.
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For recipe formulation, the surfactants Triton X 100, sodium dodecyl sulfate
(SDS) and sodium oleate are evaluated. An overview on several surfactants and
their properties is given in Table 1. Best results for suspension stability and gained
hydrophobic effect are reached by addition of sodium oleate (see Fig. 1). The
positive result gained with sodium oleate could be explained by an oxidative
cross-linking to the Tung oil components, so the added surfactant is finally
incorporated and covalent bonded to the hydrophobic finishing [13].

Further experiments are done with aqueous recipes containing Tung oil, sodium
peroxodisulfate, and sodium oleate. Sodium peroxodisulfate is added to improve
oxidative cross-linking between the Tung oil components after application onto the
textile. However, high concentrations of sodium peroxodisulfate damage the treated
textile and lead to decreased textile strength. The addition of sodium perox-
odisulfate in small amounts to the finishing recipe can even improve the strength of

Table 1 Overview on selected surfactants

Surfactant Charge HLB
value

Biode-
gradable
y/n

Chemical structure

Hyamin 1622 Cationic 7.6 n

Hexadecyltrimethyl-
ammonium-
bromide

Cationic 8.8 n

Tetradecyltrimethyl-
ammonium-
bromide

Cationic 9.75 n

Sodium oleate Anionic 18 y

Sodium dodecyl
sulfate

Anionic 40 n

Triton X 100 Neutral 13.6 n

Sorbitanmono-
palmitat
Span 40

Anionic 8.4 y

Polyoxyethylen-
sorbitanmonolaurat
Tween 20

Neutral 16.7 y
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the fiber material. However, this effect strongly depends on the intensity of thermal
after treatment (Fig. 2). Also, the hydrophobic properties of treated fiber samples
are improved as a function of sodium peroxodisulfate concentration in the finishing
recipe (Figs. 3 and 4). This statement is especially strengthened by the contact
angle measurements done with water drops on the textile samples (Fig. 4). For this
preparation, a Tung oil concentration of 30% is chosen and the sodium perox-
odisulfate concentration is increased up to values of 20 g/100 mL.

The presence of this cross-linker leads to an increase of hydrophobicity of the
treated textiles. With increased cross-linker concentration also the hydrophobic
effect is present after a washing process (Fig. 4). Probably the sodium perox-
odisulfate leads to a cross-linkage of Tung oil components between each other but
also to the hydrophilic fiber surface. Also, recipes with increasing Tung oil con-
centration are evaluated for textile treatment. As expected, the hydrophobic prop-
erties of the treated textiles increase as a function of Tung oil concentration (Fig. 5).

Alternatively to Tung oil, also two other natural oils are evaluated as
hydrophobic additive—oil from sunflowers and oil from rapeseed. These natural
oils are applied in similar recipe composition as done with Tung oil before. Both
natural oils contain as well unsaturated fats, so a cross-linking reaction as proposed
for the Tung oil should be expected. However, as seen in Figs. 6 and 7, the
hydrophobic properties of textiles gained by application of these natural oils are low
and not competitive to the effects gained by Tung oil applications. One explanation
could be that both used natural oils contain a certain amount of Vitamin E, which
can act as radical catcher. By this, the cross-linking reactions are probably hindered.
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2.1.2 Application of Polyisoprene

As an alternative approach, recipes containing polyisoprene are evaluated to realize
hydrophobic textile surfaces. For this, suspensions of latex are applied in undiluted
and in dilution with water. Also, a recipe containing 50 mL latex suspension,
50 mL distilled water, and 5 g sodium peroxodisulfate is applied. The hydrophobic
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properties of the realized textiles are tested directly after preparation and after a
rinsing procedure. Only with the undiluted latex suspension, a significant
hydrophobic effect can be introduced to the textile samples (Fig. 8). Also, the
addition of the cross-linker does not improve the results.
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The air permeability of the treated textiles is summarized in Fig. 9. It is clearly
seen, that the application of polyisoprene containing recipes drastically reduces the
air permeability compared to the untreated textile samples. In comparison, with
application of the oil containing recipes, the air permeability is nearly on the same
level as the untreated textile.

In summary, the application of polyisoprene recipes seems not to be the adequate
method for pretreatment of fiber materials used in bio-based fiber-reinforced
materials.
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2.1.3 Application of Surfactants

Surfactants contain both a hydrophilic and a hydrophobic part. For this, surfactants
could be a promising category of compounds useful for hydrophobic treatment of
textiles. This approach is especially attractive because the surfactants can be used as
single component in a water-based recipe without addition of further additives.
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In actual investigations following three surfactants are evaluated: Span40, Tween20
and sodium oleate. These surfactants are solved in water and applied onto textiles
by padding. Following, a drying step is performed at 100 °C.

Besids the application of pure surfactant solutions, also the addition of
cross-linkers is investigated. This is done especially with the aim to bond the
surfactants covalently to the fiber surface. For the surfactant sodium oleate, sodium
persulfate is used as cross-linker. For the surfactants Span40 and Tween20,
butanetetracarboxylic acid is used. However, for all applied recipes, this addition of
cross-linkers leads to lower hydrophobic values on the treated textiles (Figs. 10, 11
and 12). Altogether, most suitable results related to the reached hydrophobicity are
gained by recipes containing the surfactant Span40.

An alternative approach using natural components with hydrophilic and
hydrophobic structural elements, is the application of hydrophobic amino acids, as
Valin, Leucin, and Phenylalanin. The intensive investigation of those three amino
acids for hydrophobic treatment of textiles is published elsewhere [17].

2.1.4 Hydrophobization of Staple Fibers

Besides textile fabrics, also staple fibers are evaluated in current investigations.
These fiber materials are at first enzymatically treated for cleaning purposes and to
remove unwished components from fiber surface. For this enzymatic cleaning
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procedure, commercially products from the company Dr. Petry (Germany) are used
—Perizym DBS, Perlavin NIC, Periplex AHL, Kollasol OCE.

The hydrophobic treatments of cleaned fibers are done by recipes containing fat
alcohols. These fat alcohols are cross-linked with butanetetracarboxylic acid to
alcohol groups on the fiber surface. The related cross-linking reaction is driven at
temperatures of 180 °C. For this, the application of the aqueous recipe and the
following drying at 100 °C can be separated from the cross-linking reaction. The
cross-linking can be performed after use of the staple fibers for textile production or
after incorporation into the reinforced material. A similar process with use of
butanetetracarboxylic acid as cross-linker is described in the literature for
cyclodextrin containing finishing solutions [18].

The alcohols dodecanol and octadecanol are used as hydrophobic component in
the water-based finishing agent. Butantetracarboxylic acid is added as cross-linker.
Surfactants are applied to stabilize the suspension, evaluated are here the surfactants
Tween 20, TritonX-100, Span40, sodium oleate, and sodium docedylsulfate. To
reach also an improved sterical stability stabilization of the suspensions, also lay-
ered silicates (Laponite RD) are added to the recipes.

Finally, a finishing recipe containing besides octadecanol as hydrophobic agent
also Laponite RD, sodium oleate, and butanetetracarboxylic acid are used, because
of best stability properties.

2.2 Antimicrobial Finishing

Different natural compounds are evaluated for antimicrobial finishing. These
compounds belong to the classes of terpenoids, phenylropanoides, and tannins (see
Table 2). Also chitosan as a polymer from natural resources and antimicrobial
properties is taken into account.

The antimicrobial activity of treated textiles is determined by using a testing
system based on the dye Methyltetrazolium. The testing procedure is described
earlier in detail [19]. Actual investigations are performed with bacteria suspensions
of E. Coli and S. Warneri. The results are given in remaining bacterial viability [%]
after contact with the textile samples in comparison with the bacterial viability
without the presence of textile sample.

From the class of terpenoids, the compounds pinene and camphor are evaluated
for their antimicrobial properties. These compounds are applied as ethanolic
solutions or water-based dispersions in high concentrations. However, even after
application of high concentrated recipes, no significant antimicrobial effect was
observed. Probably the high vapor pressure of both compounds is responsible for
this result, because due to this, after application onto the textile the concentration
present on the textile is decreased rapidly.

From the class of phenylpropanoids, the compounds cinnamaldehyde and lina-
lool are evaluated for their antimicrobial properties. Both compounds are used in a
concentration of 10% and are stabilized in the aqueous recipe by addition of sodium
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oleate. After application of cinnamaldehyde, the treated textiles exhibit a small
antimicrobial effect—for E. Coli of 10 and 17% (for application onto linen- or
cotton fabrics) and for S. Warneri of 38 and 40%.

From the class of tannins, the gallic acid is evaluated for its antimicrobial
properties (Figs. 13 and 14). The gallic acid is applied with concentration in the
range of 2.5–20 wt%. The solution is prepared with hot water and no further
additive is necessary for stabilization. The reached antimicrobial effect is significant
and increased with increased applied gallic acid. The determined effect is observed
for both investigated bacteria but it is stronger against E. Coli.

In comparison with the other actually investigated antimicrobial agents, the
gallic acid exhibits the best performance. In conclusion, antimicrobial treatments
based on gallic acid could be recommended as part of a production process for
bio-based fiber reinforced materials.

Table 2 Overview on natural substances with antimicrobial properties

Substance Chemical structure Type/comment

Eugenol Phyenylpropanoid

Cinnamon aldehyde Phyenylpropanoid

Gallic acid Plant-based tannin

Chitosan Modified polymer
from natural resources

Pinene Terpenoid

Camphor Terpenoid

Menthol Terpenoid

Linalool Terpenoid
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3 Developments Related to Textile Structures

3.1 Fiber Felts

Flax fibers are used to produce fiber felts. Before felt production, the staple fibers
are enzymatically cleaned and finished with solutions of the surfactants Span 40 to
gain hydrophobic properties. Altogether, two different fiber felts are realized. First,
a thinner felt containing one layer and a weight of 160 g/m2. Second, a felt con-
taining a double layer and a higher weight of 208 g/m2. By these experiments, it is
shown, that also staple fibers from flax treated with the surfactant Span40 can be
used in production of fiber felts. The hydrophobic properties of realized felts are
determined by the capillary rise (Table 3). By this, the hydrophobic properties of
produced fiber felts are clearly determined.

3.2 Fabric Production

The aim of investigations on fabric production is to realize a textile fabric con-
struction containing a good wettability and adhesion to the polymer matrix in the
composite material. For this, the production of a flat fabric is aimed, which can be
regularly covered by the matrix. Here the cross points of warp and weft yarns
should be in the same height as over parts of the fabric. Beside single layer fabrics,
also double layer fabrics are investigated. The textiles are produced as narrow
fabrics. As weft yarn, a cotton yarn is chosen, while as warp yarn flax is used.
Different double layered fabrics are prepared and used for composite production.
The mechanical properties of the produced composites are given in Fig. 15. Testing
was accomplished by a method derived from DIN EN ISO 178, testing speed was
2 mm/min and sample dimensions were 80 by 10 by 4 mm. Bending modulus was
calculated between 0.05 and 0.25% deformation. Each series consisted of five
samples. The composites containing combined double Layer structures either from
plain and twill or plan and satin show remarkable better mechanical performance
data than the other combinations. However, on sample produced with the same
weave but from hemp rather than flax showed poorer performance. Furthermore,
the density of weft yarns and the yarn count seem to have a significant influence on
the result, as can be seen by the twill satin combination. The much better

Table 3 Capillary rise of fiber felts treated with the surfactant Span40 in comparison with an
untreated reference felt made of natural fibers

Time/capillary rise in mm 1 min 5 min 15 min 30 min

Single-layered felt 1 1.5 2 2

Double-layered felt 0 0.5 1 2

Reference 28 40.5 59 67.5
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performance of a plain hose compared to a doubled plain weave is remarkable, but
cannot be completely explained. Possibly the relocatability of the layers during
composite fabrication may lead to beneficial composite structures.

4 Summary and Conclusions

It can be concluded that natural fibers can be prepared in different ways to apply
them in fiber reinforced composites. First, hydrophobic finishing to accomplish the
requirements of the polymeric matrix can be applied easily by hydrophobic
detergents but also with natural oils, if a more water stable hydrophobization is
necessary. Antibacterial agents of a natural origin are suitable substances to mitigate
biocorrosion in such textiles. Especially tannins turned out to be promising, due to
their low vapor pressure, easy applicability, and surprisingly good effectiveness.

Finishing of textile surfaces can be achieved by the above-mentioned methods as
well as finishing of staple fibers, so fiber felts from these pretreated fibers can be
manufactured for the application in fiber reinforced composites.

Also, the structure of woven narrow fabrics has a significant influence on the
mechanical properties of the resulting composites. Beside the weave pattern, the
yarn number and material seems to be crucial as well. However, these effects cannot
easily be explained.

Finally, the presented methods, chemicals, and concepts pave the way to fiber
reinforced composites made from renewable and natural resources.
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Investigation of the Elastic Properties
of Weft-Knitted Metal-Reinforced Narrow
Composites

J. Kaufmann, Y. Kyosev, H. Rabe, K. Gustke and H. Cebulla

Abstract Weft-knitted structures are very suitable for draping of different 3D
forms because of their flexibility and the possibility to change the sizes of the
different loops redistributing the yarn lengths at the different loops. The FEM
analysis of such 3D forms requires the knowledge of the elastic behaviour and
particularly the elasticity modulus and Poisson’s numbers of the single cell at the
different regions of the structure after the deformation. This work presents a method
for numerical prediction of these values and experimental validations. The
numerical prediction is based on several steps. First, the 3D geometry of the loop is
generated based on a geometrical model for the loops. This geometry is then used,
together with the properties of the yarns (wires) and the matrix for homogenisation
calculations. The geometrical model is implemented into C++ Software tool within
the TexMind suite, which exports it into WiseTex-XML format. This is then used
within the TexComp software for homogenisation, where the method of inclusions
is used to then compare the results with the experimental ones.
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1 Introduction

Weft knitting is a long-known textile technology that is used for several fabrics for
fibre-reinforced plastic parts and structures. Such weft-knitted structures are very
suitable for draping of different 3D forms because of their flexibility and possibility
to change the sizes of the different loops redistributing the yarn lengths at the
different loops.

For producing weft-knitted fabrics usually glass or carbon fibres are used. These
reinforcement fibres or rovings are often used as a weft yarn. In such cases, the
warp yarn is mostly made of a thin polymer yarn like polyamide because of the
insignificant mechanical impact of the resulting structure of the unidirectional
single layer of the fibre-reinforced plastic (FRP).

Beside this classic reinforcement yarns also metal wires could be used for the
reinforcement of a reinforced plastic. This material group is then called a metal
wire-reinforced plastic (MRP). The significant advantage of such a material is the
ductile material failure of the metal components instead of the brittle behaviour of
classic reinforcement products. By combining different types of MRP with FRP
with the relevant matrices systems the failure could be optimised between the two
states of brittle and ductile. In this paper, a numerical model for calculating the
quasi-static engineering constants of a single layer of a metal wire-reinforced plastic
is shown and verified with first experimental data.

This FEM analysis of such weft-knitted 3D forms requires the knowledge of the
elastic behaviour and particularly the elasticity modulus and Poisson’s numbers of the
wire material and the single cell inside the polymer matrix at the different regions of the
structure after the deformation. Thiswork presents amethod for numerical prediction of
these values for different wire volume fractions and includes a first experimental val-
idation. Hence, the numerical prediction and the experimental validation is based on
several steps. First, the E-Modulus of the wire is measured according to DIN EN ISO
6892-1 and the Poisson’s number is assumed according to literature data. After that, the
3D geometry of the weft loop is generated based on a geometrical model for the loops.
This geometry is then used, together with the properties of the yarns (wires) and the
matrix for homogenisation calculations. The geometrical model is implemented into
C ++ Software tool WeftKnit3D within the TexMind suite [1], which exports it into
WiseTex-XML format [2–4]. This is then used within the TexComp software for
homogenisation [5], where the method of inclusions is used for computation of the
elasticity parameters. The computed values are comparedwith the experimental results.

2 Material Data

For the weft-knitted structure, a wire made of aluminium AlMg5 with a diameter of
0.2 mm is used. The matrix system is a bio-based epoxy resin (entropy super sap
CPM/CPF-CPL) that cures with additional temperature. The mechanical properties
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of these semi-finished products were determined according to DIN EN ISO 6892-1
and DIN EN ISO 527-4 in the linear elastic zone with 70.0 GPa for the aluminium
and 2.5 GPa for the epoxy resin. The Poisson’s number of the wire is assumed with
0.34 and the shear modulus of this isotropic semi-finished product is then calculated
with 26.1 GPa. Regarding the epoxy resin, the Poisson’s number was also exper-
imentally determined with 0.35 and the shear modulus was calculated with 0.9 GPa
(see. Table 1).

3 Modelling

The geometry of the weft-knitted structure is created with a geometrical model as
explained in [6, 7]. This model gives more flexibility about the definition of the
loop geometry compared to the classical models proposed in [8–12]. The distances
between the key points of the loop can be defined as presented in Fig. 1 (Fig. 1 left
side). It is based on the definition of the contact points between the yarns and the
width and height of the loops as they can be measured from the weft-knitted sample
per graph paper (Fig. 1 right side). The model is implemented as a C ++ code
within the TexMind suite at the software WeftKnit3D.

Figure 2 presents modelled 3D geometry of 4 � 4 loops of the aluminium wire
structure. This can be exported in the XML Format of WiseTex software [2, 3] as
presented in Fig. 3.

The WiseTex file can then be used for calculation of the elastic properties—
elasticity modulus and Poisson’s numbers of composite material using TexComp
software [5] based on the method of inclusions.

Table 1 Mechanical
properties of the semi-finished
products

E G12 µ12
Wire 70.0 26.1 0.34

Epoxy 2.5 0.9 0.35

Fig. 1 Geometrical model and its parameters as entered in the WeftKnit3D (left side).
Determination of the geometrical parameters per graph paper (right side)
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In the practical case, several layers of weft-knitted wire structures are placed one
after another in the composite material, as visualised by LamTex (Fig. 4). As the
layers are based on the same geometry, these are considered later through the
different wire volume fractions during the homogenisation.

Fig. 2 3D geometry of 4 � 4 loops created with TexMind WeftKnit3D and photo of the real
structure

Fig. 3 3D geometry of 4 � 4 loops imported in WiseTex
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4 Numercial Results

The homogenisation was performed using the standard method of inclusions,
implemented in the TexComp software. Figure 5 presents the simulated Poisson’s
number v12 of the structure, as function of the wire volume fraction, according to
which, with increasing the volume fraction, the Poisson’s number slightly reduces.

The elastic modulus (E1) of the composite in the main direction increases lin-
early with the increasing volume fraction (Fig. 6).

The simulated wire-reinforced plastic with a wire volume fraction of 35% shows
a very low anisotropy with varying values between 3.801 and 3.805 MPa, which
could be negligible and an isotropic behaviour could be assumed (Fig. 7).

Fig. 4 Multi-layered weft-knitted structure, visualised by LamTex on the base of the created
model. Left—eight layers, right—eight layers by maximal nesting
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5 Sample Production

In the first step, the aluminium circular weft-knitted structures (see. Fig. 8) were
produced by using a circular knitting machine ‘Harry Lucas RR2-Z-10’.
Process-related thin oil film is added on the metal wire that had to be removed
afterwards in a bath of acetone for having a good adhesion between the wire and the
epoxy resin.

The cleaned wire weft-knitted structures are processed in a manual wet lami-
nation process and cured in a hot press with 85 °C and 3 bar for 60 min. For
producing the test specimens, the circular weft-knitted structure is flattened; hence,
the MRP consists of two layers of wire structure. From each of the resulting MRP
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parts, two test samples with the dimension of 25 mm � 250 mm (see Fig. 9) were
cut by using water jet-cutting technology. Due to the big true stain at the border
zone of the flattened weft-knitted fabric, the two samples are cut from the middle of
the structure for having less influence on the mechanical properties.

6 Experimentation

The experimental setup consists of a tension testing machine Zwick Z100 where the
test specimens are fixed at both sides with a resulting test length of 150 mm and a
measuring area of 25 mm � 50 mm. With a testing speed of 2 mm/min and a start

Fig. 8 Sample of 0.2 mm aluminium circular weft knitted structure with a diameter of 8.0 mm

Fig. 9 Sample of 0.2 mm aluminium circular weft-knitted structure with epoxy matrix for
machinery testing with a width of 25 mm and a length of 250 mm
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force of 10 N, the samples were loaded until failure. The resulting stress–strain
curves for the 12 samples are shown in Fig. 10.

The resulting E-Modulus of the experiment is 3.050 MPa with a standard
deviation of 124 MPa and the measured wire volume content is approximately 5%.
According to the calculation performed in Chap. 4 and Fig. 6, a simulated
E-Modulus of 2.720 MPa is resulting for the supposed MRP and a deviation of
10%.

7 Conclusions

The simulation model is a robust and valid method for calculation of the mechanical
properties of a metal wire-reinforced plastic made of a circular weft-knitted fabric.
With this numerical model, parameters like wire thickness, wire volume fraction
and orientation angle could be calculated. First, experimental tests show that the
FEA model describes the material behaviour of a metal wire-reinforced plastic with
a sufficient accuracy.

In further material tests, samples with a different amount of weft-knitted layers
and wire thickness should be investigated. This is necessary to have a further
validation of the models accuracy for other parameters. Furthermore, samples with
different orientation angles of the weft-knitted fabric should be analysed.
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Investigation About the Properties
of HMHT Fibre Ropes and New Machine
for Continuous Production of Ropes
with Connection Between Core
and Mantle

Andreas Kretschmer and Christoph Müller

Abstract The intention of this paper is to give a short overview of the results of the
doctoral thesis of Dr.-Ing. Andreas Kretschmer. The scope of the work includes
among others two predominant parameters of the braiding process with major
influence on the rope’s bending properties. Furthermore, a newly designed braiding
machine is introduced.

1 Introduction

Modern fibre ropes, made of High-Modulus-High-Tenacity (HMHT) fibres, are
used in a wide array of fields. They are utilised in sports like climbing and sailing as
well as in various industries like fishing and mooring lines for offshore oil rigs or
ships. Recent applications, that start to utilise the benefits of high-performance fibre
ropes, are the replacement of wire ropes in conveying applications and robotics.
Each application has its own needs. Thus, special rope constructions for individual
purposes are very useful. The aspects/parameters that predominantly influence the
characteristics of the product are the following.

• Basic construction of the rope (single layer or multilayer construction, nominal
diameter)

• Stranding operation (laid or braided)
• Type of machinery
• Number of strands, floating length, twist angle of the strands, braiding or laying
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• Strand-twisting-method (direction, opening or closing in the braiding process)
• Yarn properties (fibre thickness, yarn count), yarns per strand
• Fibre materials, coating of the yarn, strand and/or the rope

However, still more influencing parameters can be found. Even minor changes to
some of these parameters can result in major deviations of the end products’ prop-
erties, like breaking load, elongation, flexibility/bendability and cyclic-bending-
over-sheave (CBOS) lifetime. Thus, a lack of exchangeability between different rope
manufacturers is obvious. Even if the ropes of two manufacturers are of the same
material, diameter and design, there is no guarantee that they have comparable
characteristics. Therefore, the authors did a research to figure out the underlying
reasons. For this study, interviews with several fibre-rope manufacturers were carried
out. The following questions have been asked.

Q.1 ‘Do you have a special production standard for each of your ropes?’
Q.2 ‘Is this your own standard?’
Q.3 ‘Does the fibre producer give you advice how to use the different fibres?’
Q.4 ‘In which direction do you produce your rope, do the braids get opened or more
closed?’

The following sums up the frequently given answers.

A.1 Yes, for our default ropes we use standards, but our clients tell us what the rope
should look like, how it should feel, which elongation it should have and which
breaking strength it should have. For these parameters, we got our own catalogue,
based on our experiences. Otherwise, we would have to do numerous experiments
to get the wanted properties.
A.2 For default ropes we use our own standards. There is no DIN Standard for e.g.
the twist angle of the strands.
A.3 The fibre producers do not give detailed advice. Sometimes we buy the strand
ready for braiding only with a safety twist applied on it or with a specific twist we
or our customer wanted. Sometimes we turn the strand on our own or we use
parallel untwisted yarns as a strand.
A.4Mostly we produce the ropes by opening the strands. This means that the strand
is overtwisted. During the braiding process, the strand is turned back to the angle
desired. The customers often wish for a special handling. They generally do want a
‘round’ rope with a big breaking load or an extra smooth surface. Specific studies
were not carried out often. Frequently rope design is done by experience. This
knowledge is passed from generation to generation and rarely can be found in
standards or books.

Keeping that in mind, it is obvious that ropes of different origin cannot have
identical properties. More studies have to be conducted, taking into account the
stated determining parameters. The present study is only a starting point. And the
customer must know that not only the handling has to be well. Good handling does
not come with long CBOS lifetime automatically, especially in conveying
applications.
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2 Predominant Parameters: Twist Angle (Yarns
and Strands) and Floating Length

Heinze showed in 2013 that there is an optimal yarn-twist-angle in terms of abrasive
resistance (Fig. 1) [1]. This twist angle was assumed to be adequate for the
implementation in fibre ropes of the respective yarn type. Kretschmer transferred
the results in 2016 to the strand-twist-angle approach [2]. Furthermore, a com-
parison of ropes with floating length two or three was conducted. For the latter, a
specific braiding machine was designed and implemented. This braiding machine
also allows the simultaneous braiding of core and mantle as well as an in-between
connection in a quasi-continuous process.

To analyse the effects of the strand-twist-angle the following method was
applied. In order to reach the optimal strand-twist-angle, the strand needs to be
pre-twisted with regard to the subsequent braiding process. The strands undergo an
additional twist each time the carrier of the spool makes one round on the braiding
machine. As an example for a braiding length of f = 40 mm, the carrier of the spool
will take 25 rounds for one metre. Consequentially, the strand undergoes 25
additional twists per metre (tpm). So, a strand with 30 tpm (in the rope) is theo-
retically reached by two ways. On the one hand, a pre-twisted strand with 5 tpm can
be subsequently turned further in the braiding process to the 30 tpm. Or, on the
other hand, an overtwisted strand with 55 tpm is opened back up to the 30 tpm.
However, since the working space of the available twister is limited (20 tpm up to
140 tpm), strands with low tpm numbers can only be achieved by twisting back the
strand in the braiding process.

Fig. 1 Yarn-on-Yarn test
cycles over the twist angle of
Technora® T221 [1]
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For the analysis of both, floating length and strand-twist-angle, several ropes
were produced and analysed in terms of CBOS testing. While the optimal
yarn-twist-angle b2 = 11° (Fig. 1) equals 49 tpm for the respective yarn type, it was
uncertain if the opening or closing in the braiding process is of influence to the end
product. Therefore, two different pre-twists on the strands had been added. For
comparison of the floating length, a control group of ropes (floating length two) was
manufactured on a different braiding machine. The latter and its design were chosen
in accordance with [1]. The general setup for all produced ropes, irrespective of the
floating length, was used (Table 1).

3 Results of the CBOS Testing

The analysis starts with the parameter set G1 (Fig. 2) which refers to the so-called
control group (floating length two, optimised strand twist) and does neither dis-
tinguish the braiding direction nor the rope orientation on the sheave.1 It can be
seen that the median of the group reaches up to almost 23 k bending cycles. Also,
the box and the whiskers show a considerable deviation of the data.

In the parameter set G2 the differing performance of the ropes with different
twisting strategies in the strands (opening versus closing) is obvious. It can be seen
that clustering the data of G1 according to the twisting strategy shows no inter-
section of the two groups. The green upper group refers to a closed twisting within
the braiding process whereas the lower red group refers to an opened twisting.

In parameter set G3 only the values of set G2 are contained, where the twisting
was closed. A further clustering of the data according to its rope orientation on the
sheave shows a clear separation into two split groups again. The 180°-side on the

Table 1 CBOS testing parameters referring to Fig. 2

General Setup (parameters kept constantly): 
Yarn type Technora® T221, yarn count Tyarn = 1670 dtex, Nominal diameter dn = 6 mm, 12-strand-rope with 11 yarns per 
strand, braiding length f = 40 mm, Load Fp = 10 % of FB

Specific Setup (parameters varied): 
Label G1 G2 G3 G4 G5 G6
FloaƟng length two two two two three three
Twist of the 
strand β2

11° 11° 11° 11° 11° 11° 

Braiding direcƟon 
of the strands N.A. opened

closed closed closed closed closed

Profile of the 
sheave round round round OpƟmized round Square

Rope orientaƟon 
on the sheave N.A. N.A. 0° 

180° 180° N.A. N.A.

1As it will be stated below, the rope orientation on the testing sheave is of major influence since the
ropes cross section is not symmetric.
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sheave proves of better performance as the 0°-side of the rope. While testing it
became obvious that there are two different sides in the closed-strand-manufactured
rope (denoted 0° and 180°, Fig. 3a–c). A simple test of the flexibility/bendability of
the rope proofed this assumption (Fig. 3d–f). The 180°-side shows better bend-
ability, which is assumed the cause for the better performance in CBOS testing.

Parameter set G4 represents data obtained from measurements of closed strands
and the 180°-side of the rope in combination with an adapted sheave grove
geometry. The CBOS lifetime increased to a median of 78.6 k cycles, which was
expectable due to the gentle bending in the optimised groove.

Parameter sets G5 and G6 only distinguish within the operated sheave, more
precisely within the groove geometry. As it can be seen from (Fig. 4a) the cross
section of the rope with the floating length three is more of a quadratic shape.
Therefore, in the set G6 an adapted groove geometry, namely a square groove, was
operated. However, no significant difference in between G5 and G6 can be
observed. In general, the floating length three ropes only around 18 k bending
cycles, which is within the box values control group G1. In accordance to [2]
(Fig. 1) an optimal strand-twist-angle of b2 = 11°, which equals 49 tpm, was
verified also for floating length three (Fig. 4b).

Fig. 2 Global comparison of all ropes tested, referring to Table 1 [2]
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4 Simultaneous Core-Mantle-Braiding Machine

For the purpose of this study, a braiding machine was designed for floating length
three. It is now possible to produce a core rope, a core-mantle rope simultaneously
and a core-mantle rope with a connection in between. The machine is fully
implemented and in use at University of Technology Chemnitz to produce special
ropes with floating length three or to give ropes an additional mantle.

Fig. 3 Bendability and side dependency in a braided rope [2]

Fig. 4 Cross section of a rope with floating length three and CBOS cycles over strand twist (tpm)
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5 Conclusions

The present study shows that the floating length is of major influence on the
possible lifetime of ropes in CBOS testing. Another major influence was deter-
mined with the twisting angle of the strands in the braided rope and the way it is
reached; by opening or closing the strands. The authors show that closing the
strands is beneficial in terms of bending lifecycles. Also, the optimal twisting angle
is limited to a narrow range.

Another finding was the two sides of the rope with major influence on bend-
ability and therefore on CBOS lifetime. The symmetrical (or unsymmetrical) ropes
cross section resulting from the braiding process as well as its general shape was
identified as important in terms of both, handling and lifetime. Hence, this subject
should be focused in further research. A necessity, therefore, is the integral
assessment of the process parameters like production speed, tension of the strands,
rope forming after the braiding-point and several others.
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Interlacement Variations
in the Alternative Covering Technology
D-3F

Daniel Denninger, Maik Berger and Yordan Kyosev

Abstract The following study deals with the main interlacement variations and
possibilities of the new covering technology D-3F. There are well-known pro-
cessing technologies for the covering of extruded hoses or other tubular cores in
order to increase their radial stiffness, like braiding or spiraling. The main disad-
vantage of the spiraling layers is the limitation in stability of the single windings,
caused by missing interlacements. An advantage might be the fiber deflections and
the resulting directed mechanical properties in combination with the achieved
productivity. On the other hand, it is impossible to cover cores with changing
diameters and resulting local angles higher than the friction angle of the current
materials. These forming cores or profiles are often covered by the more suitable
braiding technology. Braided structures can be produced stably based on proper
interlacement between the two or three thread systems inside. In fact, the braiding
technology has its limitations concerning the productivity. The interlacement of the
thread, which stabilizes the structure from one side, is the reason for broken fila-
ments as a result of the deflection of the threads from the other side. The number of
broken filaments is proportionally increasing with the speed of the braiding process.
In order to combine the advantages of both spiraling and braiding into a new
productive and fiber-friendly technology, a new machine concept was developed
and patented. The new weaving-like binding structure “D-3FG”
(“Denninger-3Faden Geflecht”) combines the properties of two layers and
weaving-like interlacements.
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1 Introduction

1.1 State of the Art—Covering Processes

The idea of fiber reinforced rubber or plastic materials evolved in bionics. In such
composites, different materials are combined in a purpose-oriented manner in order
to obtain improved or new macroscopic properties against the starting constituents
and to control undesirable side effects. Humankind recognized the outstanding
potential of fiber composite materials as a construction element from early on. For
example, already 10,000 years ago, a combination of fiber materials (straw or reeds)
and matrix (clay) served as a building material [1, 2].

Today, especially hose or preform applications require the use of
high-performance fibers in order to withstand numerous mechanical and thermal,
and often also chemical and electrical stresses. There are established extruding
technologies for the manufacturing of tubular semifinished fiber reinforced rubber
or plastic products. These products are usually shaped, assembled, and finished in
follow-up processes. Depending on the expected stresses, different textile covering
technologies are used for the reinforcement of these intermediates [3].

In order to increase the pressure resistance or radial stiffness, the individual
high-performance fibers are initially combined, as rovings or yarns. They are fed to
the chosen textile process on specific bobbins and applied in its characteristic
manner. Depending on the chosen method, these have process-related binding
structures and therefore variable mechanical properties as well as different shaping
and handling ability. Particularly for the production of profile-shaped or
final-contoured hoses or preforms, only a few textile processes could be established
[1, 4]:

• knitting (meshed systems)
• wrapping/winding/spiraling (non-mesh systems, without interlacements)
• braiding (non-mesh systems, with interlacements)

The knitting processes are not taken into account for all further. Although the
knitted fabrics are distinguished by a comparatively good handling ability as well as
damage resistance, due to potential fiber stretching, the multiple fiber deflections,
and changing fiber orientations lead to proportionally decreasing mechanical
properties. In addition, the production speed is comparatively low.

In contrast, especially the multilayered spiraled hoses or wound preforms have a
constant fiber orientation per layer. These layers are characterized by minimal fiber
deflections on the micro- and mesoscopic level and can, therefore, be ideally
force-flow-oriented to increase the mechanical properties of a hose or component.
The main disadvantage of spiraling is the limitation in stability of the single
windings caused by missing interlacements. The shaping and handling of these
intermediates is therefore only ensured to a limited extent since the individual layers
tend to slip. Regarding the fiber deflections and the resulting mechanical properties
in these intermediates that may be an advantage. On the other hand, it is impossible
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to cover profiles with changing diameters and in the same local angles higher than
the friction angle of the current materials. For a more detailed look at the winding
process, please refer to the relevant technical literature at this point [2–4].

Forming cores with cross section changes or hoses for high-pressure applications
are often covered by the more suitable braiding technology. Braided or
weaving-like structures can be produced stable based on proper interlacement
between the two or three thread systems inside. Weaving-like structures essentially
include the tissues and braids. In theory, they are also defined by a concrete number
of layers. In contrast to the spiraling, these layers are interconnected by crossings
(interlacements). These interlacements are the reason for significantly higher fiber
deflections. With these deflections, proportionally decreasing mechanical properties
with simultaneously good resistance to damage are to be expected due to potential
fiber stretching and easy handling. Above all, the slipping can be largely avoided,
but not completely eliminated, with the corresponding configuration of the braiding
parameters. The advantage of a braided structure is relative shape stability even
without a core [5].

In particular, the braiding process offers excellent conditions for the gentle
processing of high-performance and synthetic fibers for the economical covering of
extruded hoses, other tubular cores or even semi-finished fiber products or
final-contoured preforms. The comparatively high fiber deposits of the braiding
technique are ideally combined by the layer-wise overlapping of forming cores with
a simultaneously large production repertoire for geometrically flexible design. For
the realization of a reproducible and force-oriented fiber orientation, three thread
systems are usually processed into a triaxial UD braid [6].

Main port of conventional production processes are circular or radial braiding
machines, based on the maypole system with mechanically forcible laying of
threads. In fact, braiding has its limitation concerning the productivity. The inter-
lacement of the threads, which is stabilized by the structure from one side, is the
result for broken filaments. The number of broken filaments is proportionally
increasing with the speed of the braiding process [7].

Rotary braiding machines—especially lever arm braiding machines in accord
with the system “Horn”—are not used. The advantage of the system “Horn” as
opposed to the maypole system, is the constant tangential bobbin arrangement in
combination with the characteristic laying of the threads as well as the accompa-
nying fiber friendly and position-parallel processing of the braiding material. At the
same time, the increased braiding speed, due to the machine concept with the
opposite rotational movement of two rotors, is an enormous advantage for eco-
nomical serial production [8].

1.2 Interlaced Composites Winding Technology D-3F

The technological synthesis for integrating a third thread system lead to a novel and
textile-technological manufacturing process with a new weaving-like binding
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structure as a combination of laying and braiding or weaving, “D-3FG” (see Fig. 1).
Mentioned binding structure combines the properties of two layers and
weaving-like interlacements. Through the interlacements, these layers are arranged
one inside the other and fixed in their respective orientation. In analogy to the
braiding angle, the angle of the laying threads can be varied in some manner over
the take-off speed and can thus be used for the orientation of the reinforcing fibers
[9]. Along with that, the drive concept of the new rotor braiding system D-3F was
patented (file reference 102014016832.8) with the title “Flechtvorrichtung und
Flechtverfahren zum Überflechten eines Flechtkerns” [10].

The result of the logical interpretation of the new laying technique in a rotary
braider system, based on the system “Horn”, is shown in the following Fig. 2. The
rotary braiding system “D-3F” matches a targeted combination of all characteristics
typical for braiding in a system concept that is suitable for covering extruded hoses,
other tubular cores or even preforms with a tangential alignment of bobbins and
parallel laying of threads. Thus, the covering of cores are produced by “over-
braiding” with the new weaving-like bonding structure.

In the proposed system concept, the weft thread bobbin carriers are fastened to
slides, which are mounted on guide rails and are again mounted on a fixed slide
track at a defined distance from one another. To enable the shedding of the warp
threads, the slider web must be provided with slots at equidistant intervals. The
openings of the opposing slots are aligned with each other, Fig. 3. For the pro-
duction of the new weaving-like binding structure, warp threads are provided by the
third thread system. These warp threads are drawn off from an outer and stationary
filament carrier set by an individual thread positioning element. These elements are
oscillating from a lower to a higher latitude with a collision-free passage of the weft
bobbin carriers and are thereby laid above or below the intersection points of the
weft threads. The opening and closing of a compartment take place in the time
windows in which the slides are not guided over the slits of the guide rails.

(a) biaxial braid (b) triaxial braid (c) D-3FG

Fig. 1 Biaxial, triaxial, and new D-3FG
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2 Design Studies and Possibilities of D-3F

2.1 Basic Winding Options

In addition to the synthesis and simulation of the rotary braiding system D-3F,
design studies have been performed to evaluate further possible binding structures
and their potential applications. In particular, the variation of the movement of the
warp threads permits a defined range of configurations for the binding variation of
the alternative covering technology. However, such design studies lead to a

Fig. 2 Rotary braiding system “D-3F”

Fig. 3 Schematic structure of the rotary braiding system D-3F
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nonpractical computational effort in the used CAE/CAD system. On these grounds,
the development of an effective solution for the design and visualization of the
possible binding structures became necessary.

Due to the existing functionalities for the calculation and visualization of braided
products with known binding structures, the software TexMind Braider [11] was
used as a basis for development. The clear analytical description of the thread paths
leads to a real-time calculation of chosen settings. In addition to the image of
braided products, known binding structures can be set variably, taking the
parameter configurations such as braidiness, cross sections, number of fibers, col-
oring, etc. into consideration. Furthermore, the generated 3D geometries can be
exported in FEM tools and processed for computations. Calculations for the output
quantity, taking into account the parameter settings and other machine-specific
feasibility estimates, are already implemented.

Figure 4 shows the prototypical version of the TexMind Braider D-3F, based on
the conventional calculation core. This toolbox already provides all necessary
functionalities for the design of theoretically possible binding structures with three
thread systems. This allows the mapping of the whole bandwidth of the alternative
covering technology by neglecting machine-specific restrictions. Therefore, the
implementation of the binding variables is built up systematically, using a
matrix-based input. The superimposed layers of oppositely oriented weft thread
systems are generally present (Fig. 4: red, green).

In principle, an interlacement with the aid of a warp thread from the warp thread
system is possible at each intersection of these opposing threads. Each column of
the matrix corresponds to a series of intersections in a horizontal arrangement. By
filling the matrix, the binding structure takes place over a defined number of rows
according to the following definition:

Fig. 4 Using the new toolbox in TexMind Braider for design studies of the textile structures
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• 0 means no interlacement
• 1 means the interlacement of one warp thread system
• 2 means the interlacement of both warp thread systems.

The structure of the rotary braiding system D-3F allows the fabrication of a
variety of weaving-like binding structures as well as the winding or spiraling of a
guided core with rotating warp thread systems (spiraling carriers). The weft thread
system can also be used with the aid of an appropriately fixed position of the thread,
laying units for the removal of noninterlaced 0 degree threads as shown in Fig. 5.
Consequently, the following general options of thread laying without interlace-
ments are given:

• one thread system (winding single layer with multiple carriers)
• two thread system (winding two layers S, Z)
• two thread system (winding one layer S or Z and 0 degree without

interlacement)
• three thread system (winding two layers S, Z, and 0 degree without

interlacement)

In addition to the shown options for the processing of three thread systems, it is
generally possible to build up structures for the processing of an arbitrary number of
thread systems. The applicable restrictions are derived from the technical and
economic boundary conditions and their feasibility. Especially the size of the
bobbins and their carrier arrangements are responsible for the kinematic and kinetic
effects which are used for the constructive design. However, there is no general
technological restriction.

(a) one layer, z (b) two layers, z & s (c) two layers &0 degree

Fig. 5 General options without interlacements based on three thread systems
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2.2 Adding Interlacements Between Layers

An important advantage of the rotary braiding system D-3F is the stationary
arrangement of the warp thread system. In particular, this stationary arrangement
permits the use of large bobbins with an appropriate thread supply for the com-
pensation of undesirable thread length and thread tension changes. This controlled
thread supply is required for high process speeds with low fiber damage due to
friction-related relative movements on the thread guide elements by the laying
devices.

In order to combine the advantage of windings and weaving-like structures, the
two layers (Fig. 5b) have to be fixed by adding interlacements with these weft
threads. General options with interlacements, based on three thread systems, are
shown in the following figures:

Figure 6: One weft thread system placed on a ring is winding by rotating and one
stationary warp thread system is interlacing by going up and down
Figure 7: Two weft thread systems placed on rings are winding by rotating in
opposite directions and one stationary warp thread system is interlacing both
rotating systems
Figure 8: Two weft thread systems placed on rings are winding by rotating in
opposite directions and one stationary warp thread system is interlacing both
rotating systems in a softer way

Fig. 6 a 3D Model with one layer interlaced with the second system completely through the
thickness b column for the structure
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2.3 Possible Applications and Economical Aspects

As the previous figures and examples demonstrate, the D-3F technology is able for
covering extruded hoses or other tubular cores by spiraling with two thread systems
in its basic counter rotational configuration. By using the additional warp thread
system for interlacing these two layers, the advantages of both spiraling and
braiding can be combined. For this combination, the warp thread system could
consist of very thin connecting threads. With this method, the interlacements will

Fig. 7 a Two layers interlaced with the third system completely through the thickness b column

Fig. 8 a Two layers with intermediate interlacement, similar to the English weave b column
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not integrate countable crimp, similar to the triaxial UD braid. The interlacing
threads will keep the covering structure stable and the two layers will be connected
to each other.

Concerning the design of a prototype and the necessary exploration of the rotary
braiding system D-3F, it is planned to apply servomotor drives for the laying
devices of the warp threads. With these motion controlled systems, the frequency
and the depth of the interlacements can be selected and adjusted according to the
matrix-based input of the TexMind Braider D-3F. In order to keep the structure
stable, the binding structure could be adjusted by building up more interlacements
during the covering process of cores with conical cross sections. Main advantage of
the rotary braiding systems is the technical implementation of the braiding process
by mentioned laying devices. In contrast to the conventional maypole braiding
machines, the bobbin carriers—which have a high and dynamically moving mass—
are only performing in a constant rotational motion. The necessary changes of the
moving direction for the production of interlacements are carried out by laying
devices. For that reason, the rotary braiding machines can show a significantly
higher productivity rate than conventional maypole braiding machines.

Another advantage to be mentioned is the constant tangential bobbin arrange-
ment. The rotary braiding system D-3F was developed especially with a focus on
the bobbing arrangement, space between the carriers possible calibers. Thereby,
weft threads with comparatively high diameters could be used. Therefore, the
system is designed to achieve an economically and technologically effective
machine to cover even medium diameters of composite profiles for pultrusion or
later lamination. This advantage is accompanied by a significant disadvantage. The
system D-3F has a more stringent limit on its potential size. The braiding machine
D3F with its current conceptual design and constant tangential carrier arrangement
would, as a consequence, not be ergonomic, if it has to handle 48 or more carriers.
That is why the overbraiding of thicker profiles will probably remain an area of the
radial braiding machines with 144, 288, and more carriers.

3 Conclusions

This paper showed the main interlacement variations and possibilities of the new
covering technology D-3F. This alternative covering process with a new circular
drive concept to generate an innovative shifting motion is a result of the recom-
bination of required sub-functions which are needed to manufacture the best pos-
sible and ideal binding structure. The technological synthesis for integrating a third
thread system led to a novel and textile-technological manufacturing process with a
new weaving-like binding structure as a combination of laying and braiding or
weaving. Several structures are visualized with a new module of the TexMind Suite
—named TexMind Braider D-3F. The analysis of the virtual samples shows, that
the D-3F has potential in replacing spiraling, braiding or even composite winding in
some class of composites, where the braiding diameter is not too high and where the
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interlacement between two layers can improve the stability of the structure. The
investigation of the economical and mechanical efficiency of the D-3F machine and
the resulting covering or composite structures still have to be verified with exper-
imental investigations, which include the realization of a prototype of the machine
and the production of samples. For this upcoming task, the authors are open for
cooperation.
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Development of Machine Configuration
for T- and I-Profiles and Their Topological
Modelling

Yordan Kyosev and Katalin Küster

Abstract This works presents a numerical investigation about the production and
simulation of braided products with complex cross section. The geometrical
modelling of tubular and flat braids is already well described in the literature and
implemented in several scripts and commercial software like TexMind Braider. In
the literature are reported as well several works about the modelling of 3D braided
structures, created using different 3D braiding techniques. For the case of complex
maypole braiding machine with horn gears are reported some works with the
software TexMind Braiding Machine Configurator, which emulates the carrier
motion for the creation of the 3D geometry of the braids. This work presents
evaluation of the possibilities of the software for designing machines with large
number of horn gears in custom arrangements and at the same time presents the
results of a large set of tests of the possible combinations for arrangements of horn
gears with different size for the production of complex multilayer braided structures
like T-, and double-T-profiles. The investigation shows, that the possibilities for
carrier arrangement are directly connected with the topology of the tracks of these
carriers and for structures with multiple tracks more empty places in the arrange-
ment is required. For the cases, where for such structures suitable machine con-
figuration and carrier arrangement is found, an simplistic 3D geometry of the braid
is generated and can be used for FEM calculations, relaxation and other compu-
tations of the properties.
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1 Introduction

The most common uses of the braiding are for flat and tubular braiding, where the
tubular braiding becomes very popular in the form of radial braiding for covering of
mandrels of different form (overbraiding). The braiding of solid profiles, in the
contrary, is less developed and used mainly for gaskets and only single reports and
patents about production of larger solid braids are known in the literature [1, 2]. An
extended, very detailed overview of the development of the 3D braiding technique
can be found in the recently published chapter of Bogdanovich [3]. Some steps of
the development of 3D maypole braiding machines are reported in [4–6] as well as
Cartesian braiding [7], and hexagonal (lace-type) braiding [8].

The well-known 3D maypole braiding machine build by August Herzog [6] have
a setup of horn gears with four slots, where each switch and gear has individual
drive. This technique gives a high flexibility but is too expensive. In the patent
literature and some conferences, machines can be found with horn gears, placed in
special configuration, different from tubular or flat, so that profiles can be produced.
In [1] some initial states of software of the company TexMind are reported, which
allows emulation of the machine configuration with arbitrary placement of the horn
gears. The algorithms and next development of this ‘Braiding Machine
Configurator’ are reported in [9].

The current paper presents numerical experiments, performed with the current
version of the TexMind Braiding Machine Configurator [10] with the goal to
determine possible configurations of maypole braiding machines with constant
paths for production of profiles with complex cross section for composites. On
several patents, for paths of such machines, the carriers are seldom given. The
arrangement of carriers for complex paths is not a trivial task, but in the current case
this can be solved using simulation and checking each configuration.

2 Simulation Model Fundamentals

The basic principle of the Configurator is explained in [9]. Each part of the
machine, which participates in the braid building is created virtually as an object,
which is programmed in C++ language. For this, the classes Carrier, HornGear,
Switch and YarnType are defined.

The class HornGear defines the properties of the gears, like coordinates of the
centrum, angular velocity, radius and number slots. Each horn gear can carry only
one carrier per slot. The carrier keeps the information about the yarn type which is
placed in it. The switch is a connection place between two horn gears and can have
‘transfer’ or ‘keep’ state. The object ‘Machine’ consists of lists of horn gears,
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carriers, yarn types and switches and has algorithms for saving, loading and plotting
of the current state of the machine, but its most important part for the simulation is
the algorithm for emulation of the motion of the machine. The algorithm moves the
carrier in the time depending on the angular velocity of the horn gears until one
switch is found. If the switch is in ‘transfer’ state, the carrier is removed from its
current slot and transferred to the corresponding slot of the connected gear. Swiping
the carrier coordinates in the vertical direction allows creation of simplistic 3D
braid. This virtual braid is not dense enough to be used for mechanical properties
simulation using FEM Method for instance, but good enough to evaluate the
directions and positions of the yarns and to be used for evaluation of the machine
configuration.

3 Graphical User Interface

The graphical user interface is created with the wxWidgets platform [11] using
wxCrafter as IDE [12] (Fig. 1). It allows placement of the gears with different
number of slots at any position, their rotation and motion with the mouse, as well of
carriers with different colours. Macros for setting the gears of tubular and flat
braiding machines and machines with rectangular arrangement of the gears are
provided as well.

4 Concept and Simulation of Machine for T-Profile

The configuration of standard flat braiding machines is used as basic part for the
concept and simulation of machines for T-profiles. The flat braiding machine has
one track and builds a braid, which is placed in one plane. An example of such
machine is presented in Fig. 2 and the idealized braid for this configuration in
Fig. 3.

The track for the flat braid from Fig. 2 can be extended at each of the gears,
placing an extension with several four-slot gears and turning gear at the end with
five (or three) slots. Figure 4 presents such a configuration with arrangement of the
carries 1Full–1 Empty, which would lead to a structure with floating length of two
[1]. Actually, the configuration in this way would not work, because before filling
all the carriers around the complete track, one carrier should be placed in a position,
which is currently free, but will be used from a carrier in a neighbour staying gear
(red carrier). In this meaning 1Full–1 Empty arrangement will lead to collision and
is not possible for this configuration (Fig. 4, left). Carrier arrangement 1Full–3
Empty can be applied for this configuration (Fig. 4, right) and the simulated 3D
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Fig. 1 Graphical User Interface of the TexMind Braiding Machine Configurator. Up-the common
view with the machine and gear commands; down—the right-hand side part of the menu with tools
for placement of carriers, creation of 3D braid and motion emulation
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Fig. 2 Configuration of a flat braiding machine with 5-4-4-4-5 Slot gears with 11 carriers
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geometry of the braids is presented in Fig. 5 in top and side view. There are two
disadvantages using 1Full–3 Empty carrier arrangement for this configuration. First
—less numbers of carriers are available for the braiding, so for production of
profiles with required dimension double more gears and respectively machine size
are required compared to the case, 1Full–1 Empty would be possible. Second—at
arrangement 1Full–1 Empty and four-slot horn gears the pattern will be with
floating length of one—like a plain braid. This means, that the yarns have the
largest possible undulations at the interlacement points. As well known, carbon,
glass and basalt fibres have significant lower properties in crimped state, so this
should be taken into account and investigated before building such machine.

Fig. 3 Simulated braid for the configuration of Fig. 2
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5 Concept and Simulation of Machine
for Double-T-Profile

The configuration for T-profile can be extended with additional flat branch in order
to receive a double-T-profile (Figs. 6 and 7). This will still have one track.
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Fig. 4 Configuration for T-profile, based on an extension of a flat braid. Left—trial to arrange the
carriers 1Full–1 Empty, which leads to collision and is not possible. Right—arrangement of
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Fig. 5 Simulated idealized braid 3D geometry with the T-configuration and 1Full–3 Empty
carrier arrangement (Fig. 4) in top and side view
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6 Outline

The realized configuration will produce thin-walled braids, which are based on one
thin flat structure. Using the software configurator as a tool, it is possible to
investigate variety of track and carrier arrangements as for instance, for two col-
umns of gears as presented in Fig. 8. Ideas of such configurations are reported in
several works and patents like from Brookstein et al. [13], Uozomi et al. [14],
Temple [15], Akiyama, Hamada et al. [16] and more. In several of these technical
drawings and patents, the carrier arrangement is not specified explicitly, because at
that time it was not possible to simulate this behaviour on computer adequately.

Fig. 6 Configuration for double-T-profile, based on an extension of a T-braid. Left—trial to
arrange the carriers 1Full–1 Empty, which leads again to collision. Right—configuration with
1Full–3 Empty

Fig. 7 Simulation of braided double-T-profile in top and side view
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7 Conclusions

This paper presents numerical evaluation of some configurations of maypole
braiding machines for production of T- and double-T-profiles. Configuration of flat
braiding machines is taken as basis and extended to a T-profile and
double-T-profile. The carrier arrangement check with the software ‘Texmind
Braiding Machine Configurator’ shows, that the carrier arrangement 1Full–1
Empty, which would lead to regular structure with floating length of two is not
possible for the T- and double-T-configurations. Partial carrier occupation with
1Full–3 Empty can be applied for both configurations and can be used for pro-
duction of the braided profiles. The simulated 3D geometries of the braids can be
used for evaluation of the machine configuration and as well for approximated
estimation of the properties of the structures.

Fig. 8 Possible configuration for creation of thicker middle layer
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Modeling of Braided Structures Based
on Secondary Helix

Fanggang Ning, Nick O Hear, Rong Zhou, Chuan Shi and Xin Ning

Abstract In this paper, the relationship among primary helix, secondary helix and
braiding curve is discussed and it concludes that the braiding curve is the projection
of secondary helix on the braiding surface. Based on this conclusion, the equation
of braiding curve is derived using Frenet frame. The geometrical models of braided
strands are realized by two methods, one is based on the mathematical models; the
braiding curves are obtained by their equations directly. The other is based on the
projective relationship using SolidWorks™. A projective surface has been built and
employed to realize the projection of secondary helix on the helical surface, the
braiding curve is obtained by the intersection of projective surface and the helical
surface. For both methods, the strands are built by sweeping the cross section along
the braiding curve. The modeling methods introduced are not confined by the
braiding angle and cross section of strand and could be used to simulate different
braided structures.

1 Introduction

Braiding is a traditional technique normally employed for producing rope-like
structures [1], while as the development of composites, it has been extended as the
enforcement of composites. Even by using mandrels of different cross-sectional
shapes, 3D-braided structures can be obtained. In order to perform engineering
analysis of the structures, it is important to develop mathematical and geometrical
models. The mathematical models are the accurate descriptions of the space mor-
phology of braiding strands and the relative position of strands in both directions
and also provide the theoretical base for the geometrical modeling. The results and
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effects of geometrical models reflect the accuracy of the corresponding mathe-
matical models and build the relationship between the machine parameters and the
geometry of the braids. In addition, the geometry of the braid structure, whether to
be used alone or as a reinforcement in the composite, is also the starting point for
the manufacture of the braids. Therefore, both mathematical and geometrical
models are of great meanings for the research on braid.

The relevant researches on the mathematical modeling started in the 1950s;
the initial researches analyzed the braided structures without considering the
crimp. Brunnschweiler [2] was one of the first researchers to report on the
mechanics of braid structures. Du and Ko [3] developed geometric models for 3D
braids using a unit cell approach. Du and Popper [4] developed a detailed model of
the complex braiding process by over braiding a contoured mandrel. Zhang et al.
[5] analyzed two-dimensional braid geometry and gave the results that cover factor
depends on braid angle, helical length, and braid diameter. Rawal [6, 7] discussed
the equations of yarn paths mapping on different structures including circular
cylinder, circular cone, elliptical cone, square prism, etc. without considering the
crimp structures. With the deepening of the research, the crimp of braid was con-
sidered by researchers. Carey et al. [8] considered a sinusoidal trajectory to give a
2D configuration for only the undulation of the braiding yarns. Hristrov et al. [9]
studied the mechanical behavior of hybrid circular braids without a core under
tensile loads and developed a predictive model of the mechanical response of the
braids. Lomov et al. [10] studied flat braids and proposed a geometrical model by
giving the paths of the yarn centerlines within a predetermined unit cell. Alpyildiz
[11] gave a kind of descriptive equation of braiding strands based on a series of
assumptions; the theoretical models included the diamond braid, regular braid, and
hercules braid. Based on Alpyildiz’s mathematical models, Rawal [12] improved
his previous work [7] by introducing the crimp structures and presented the
mathematical models of yarns mapped on revolving bodies. Besides Alpyildiz’s
mathematical model, some researchers used different geometrical methods to
describe the strand curve and gave a total equation of braiding strands. Liao [13]
presented a general mathematical method for braiding curve and built the real
braided structures, while in their paper, the specific equations were not given. Wu
[14] gave the mathematician models based on the discussion on the double-braiding
structures.

The researches on the modeling methods of braided structures are simultaneous
with the mathematical modeling. As the development of computer-aided design
(CAD) techniques, it become possible to build CAD models based on mathematical
equations. Adanur [15] presented three-dimensional models of fabric reinforce-
ments for composite components by using computer-aided geometric design
techniques. Two years later, Liao and Adanur [13] focused on the geometrical
modeling of braided structures and built a series of braided models of revolting
bodies. Recently, Kyosev [16–18] developed a computer-aided braid software
named TexMind braider which could realize the modeling of tubular and flat braids
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conveniently. Vu [19] presented a different modeling method. In their work, yarn of
the rope is represented by a finite strain beam model. All these modeling methods
could realize the modeling process and all of them need specialized knowledge on
computer programming.

The author of this paper also focused on the mathematical and geometrical
studies of braided structures. In our published papers [20, 21], the mathematical
models of braided strand are given based on the generalized rose curve and the
braided structures were realized by the intersection of braiding surface and helical
surface. As to this paper, it presents a novel method to derive the equations of
braided strand based on the projective relationship between secondary helix and
braiding curve by Frenet frame. Based on this, two kinds of modeling methods were
presented: one method is to obtain the braiding curve directly based on the equa-
tions and the other is to obtain the braiding curve based on the projective rela-
tionship between secondary helix and braiding curves by SolidWorks™. After
obtaining the braiding curve, the braiding strand could be realized by sweeping a
certain cross section along the braiding curve.

2 Geometric Analysis of Braided Structures

In braided structures, there are two sets of yarns, respectively, moving along a
closed sinuous curve in clockwise and anticlockwise directions, and they alterna-
tively pass through the crossing points of these two sinuous curve to form the
interlacing structures. During this process, the number of cross points equals to the
times of intersection. At the same time, the braided strands are drawn out by take-up
roller continuously to form braided structures, the take-up speed, together with
number of cross points depend on the density of crossing points on the tubular
structures. The morphology of strands in braided structures is the result and
recorders of these two motions.

Taking anticlockwise as an example, as shown in Fig. 1, the helical sinuous
curve is the path of braiding strand which is formed by fluctuating the point P
around the primary helix. The helical sinuous curve lies on the helical surface
formed by helically sweeping OP along the primary helix.

In order to describe the relationship between braiding curve and secondary helix,
it is necessary to give a description of the formation of the secondary helix.
Secondary helix is also formed by sweeping a segment along a line, while this line
is a single helix. If the centerline of helical sinuous curve and secondary helix
coincide with each other and the amplitude of sinuous curve is the same with that of
the secondary helix, it can be obtained that the projection of the secondary helix on
the sweeping surface is the helical sinuous curve. On the helical surface, the helical
sinuous curve runs in and out along the centerline of braiding structure, which will
form the interlacing structure with yarns in another direction.
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3 Mathematical Modeling of Braiding Strands

3.1 Basic Assumptions and Definition of Geometrical
Parameters

In order obtain coordinate equation of the braiding strand, the following assump-
tions could be made:

(a) The braiding strands are represented by their central curves, the radius and
cross section of strands are not considered here;

(b) These central curves follow local sinusoidal paths corresponding to their
nominal helical paths;

(c) The braiding curves are the projection of secondary helix on the braiding
surface; and

(d) All braiding yarns lie on the braiding paths, no slip happened during braiding
process, and there is no interaction between adjacent strands.

Fig. 1 Braiding path and
helical surface
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3.2 Definition of Geometrical Parameters of a Braided
Structure

The geometrical nomenclatures of a traditional braiding strand used in this paper are
provided in Fig. 1 and the definitions of some key terms are specified as follows:

(a) Radius of primary helix(Rp)
Rp, the radius of primary helix, is defined as the radius of projected circle of
single helix on the cross section of braided strands and it represents the
thickness of braided structures. As shown in Fig. 1, the length of OP is the Rp.

(b) Radius of secondary helix(Rs)
The radius of secondary helix (Rs) refers to the length of line segment which is
employed to helically sweep along the primary helix.Rs is the length of PQ in
Fig. 1.

(c) Amplitude of crimps (Ab)
The amplitude of crimp refers to the maximum of amplitude of braiding curve.
For braided structures, the amplitude of crimp mainly depends on the diameter
of strands and the braiding patterns. Because the braiding curve is the pro-
jection of secondary helix, so the amplitude of crimp of braiding curve is the
same as the radius of secondary helix (Rd).

(d) Helical angle (hp; hs ).
Helical angle is defined as the angle among helix and corresponding axis. For
primary helix, the helical angle (hp ) refers to the angle between primary helix
and the axis of braid, for secondary helix, the helical angle (hs ) refers to the
angle between primary helix and secondary helix.

(e) Braiding angle (hb)
The initial position is the starting position of strands on the cross section.

(f) Initial position(u)
In the same structures, the braiding angle (hb) is defined as the angle among
tangent line of braiding curve and braiding axis. For the braiding curve lies on
the helical surface, the braiding angle equals to the helix angle (hp).

(g) Direction parameter(k)
parameter k is employed to characterize the direction of helix and braiding
curve, for anticlockwise, k ¼ 1 and for a clockwise, k ¼ �1.

3.3 Primary Helix and Frenet Frame

In braided structures, the centerline of helical sinuous curve is a primary helix, as
shown in Fig. 2. For a primary helix with an initial strand position angle of 0 at
z = 0 and a right-hand lay direction, the vector equation of the central axis is
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Xs tð Þ ¼
Rp cos tp
Rp sin tp

Rp tp= tan hp

8<
: ð1Þ

Where tp is the position parameter of primary helix.
In order to analyze braiding elements in space, it is convenient to use a local

coordinate system at each point of its central axis. The tangent (T), normal (N), and
binormal (B) vectors are defined at each point. The Frenet formulas describe the
geometric properties of the curve, as shown in Fig. 2.

T: The unit vector tangent to the curve, pointing in the direction of motion; B: The
normal unit vector, the derivative of T with respect to the arc length parameter of the
curve, divided by its length.T: The binormal unit vector, the cross product T and N.

The position vector of a point on the central axis is presented in global Cartesian
coordinates by

X tð Þ ¼ x tð Þiþ y tð Þjþ z tð Þk ð2Þ

The derivation of this with respect to the variable parameterizing the curve is

X tð Þ ¼ x tð Þiþ y tð Þjþ z tð Þk ð3Þ

If the curve is parameterized by the angle of rotation, the distance dS between
two nearby points on the curve is given by

ds ¼ X tð Þ dt ð4Þ

Fig. 2 Braiding path and Frenet frame
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This is

ds ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xðt)ð Þ2 þ yðt)ð Þ2 þ zðt)ð Þ2dt

q
ð5Þ

The arc length between two points between t = a and t = b is given by

S =
Z b

a
Xðt)k kdt ð6Þ

In Frenet frame, some useful calculating expressions are shown below:

T ¼ x
�

XðtÞk k iþ
y
�

XðtÞk k jþ
z
�

XðtÞk k k ð7Þ

B ¼ Xðt)� Xðt)
Xðt)� Xðt)k k ð8Þ

N ¼ B� T ð9Þ

Where

Xðt)k k ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dx
dt

� �2

þ dy
dt

� �2

þ dz
dt

� �2
s

ð10Þ

Xðt)k k ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d2x
dt2

� �2

þ d2y
dt2

� �2

þ d2z
dt2

� �2
s

ð11Þ

and � denote the cross product.

3.4 Secondary Helix and Braiding Curve

Secondary helix is formed by helically sweeping a segment along a primary helix,
as shown in Fig. 3. From the description, it can be obtained that in Frenet frame, the
secondary helix could be obtained by helically sweeping a segment on TB surface
along a primary helix.
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According to the Frenet frame,

XpðtÞ ¼
�Rp sin ðtpÞ
Rp cos kðtpÞ
Rp= tan hp

8<
: ð12Þ

XpðtÞ ¼
�Rp cos ðtpÞ

Rp sin kðtp þuÞ
0

8<
: ð13Þ

So, according to Eqs. (7), (8), and (9), the vectors of T, N, and B can be
expressed as follows:

T ¼ � sin hp sinðtÞiþ sin hp cosðt)jþ sin hp tan a k ð14Þ

Fig. 3 Braided structures based on mathematical equations
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N ¼ � cosðt)i� sinðt) j + 0k ð15Þ

B ¼ sin hp sinðt)iþ sin hp cosðt)jþ cos hpk ð16Þ

According to the relationship between secondary helix and primary helix, it can
be obtained that secondary helix has components in both T and N.

According to the primary helix, the equation of the secondary helix in global
coordinate is

XsðtÞ ¼ XpðtpÞþRsðcosðtsÞN þ sinðtsÞBÞ ð17Þ

Combining Eqs. 2, 14, 15, 16, and 17, the equation of secondary helix in global
coordinate can be expressed as follows:

Xsðt) =
Rp cos 2ptp þRsðsin hp sin tp sin ts � cos tp cos tsÞ
Rp sin tp þRsðsin hp cos tp sin ts � sin tp cos tsÞ

2pRptp= tan hp þRd cos hp sin ts

8<
: ð18Þ

Where tp is the position variable of primary helix and td is the position variable
of secondary helix, tp ¼ ts sin hp

As described, the braiding curve is the projection of secondary helix on the

helical surface, and the curve of braiding yarn only has component in N
!
. So the

equation of braiding yarn curve can be expressed as

XbðtÞ ¼ XpðtpÞþAb cosðtsÞN ð19Þ

So, Eq. (17) can changed to

XbðtÞ ¼
ðRp � Ab cos tsÞ cos tp
ðRp � Ab cos tsÞ sin tp

Rp= tan hptp

8<
: ð20Þ

Let x ¼ 1=sinðhsÞ and also considering the initial position (u), the difference
between strands in two directions (j) and direction of strand (k), the equation of
braiding strand could be rewritten as

Xbðt) =
ðRp � jAb cosxtpÞ cos kðtp þuÞ
ðRp � jAb cosxtpÞ sin kðtp þuÞ

Rp tan hptp

8<
: ð21Þ

This equation is the expression of braiding curve in terms of tp.
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4 Geometric Modeling of Braiding Strand

4.1 Geometric Modeling Based on the Mathematical Model

Based on the equations of braiding curve, it could be easy to obtained geometrical
structure of single strand by inputing the equations in CAD software, such as
SolidWorks™ to get 3D braiding curve directly. In this case, the match of strands in
two directions and the relative position of strands in the same direction would be the
key factors to realize the whole braided structure.

In braiding process, the positions of strands in clockwise and anticlockwise at
the same angle are symmetrical with respect to the projective circle of primary
helix, which means that the positions of strands in two directions are always
opposite. The reflection of this feature in the equations would be that the j is always
opposite for strands in two directions. If j = 1 for strands in clockwise, then
j ¼ �1 for strands in anticlockwise and vice versa.

For strands in the same direction, all strands are arranged equally, and the only
difference lies on the different initial positions. For a braid with 2 N strands, the
number of strands in the same direction would be N; all these N strands would
arrange equally around a circle, so the phase difference would be shown as Eq. (22)

Du ¼ 2p=N ð22Þ

So, the equation of strands in anticlockwise would be expressed as

XbaðtÞ ¼
ðRs � Ab cos xtsÞ cos ðts þ iDuÞ

ðRs � Ab cos xtsÞ sin ðts þ iDuÞ i ¼ 1; 2. . .N
Rs= tan hsts

8<
: ð23Þ

Then, the corresponding equation of strands in clockwise would be

XbcðtÞ ¼
ðRs þAb cos xtsÞcos ð�ðts þ iDuÞÞ

ðRs þAb cos xtsÞ sin ð�ðts þ iDuÞÞ i ¼ 1; 2. . .N
Rs= tan hsts

8<
: ð24Þ

Based on these two equations, the braided structure would be realized as shown
in Fig. 3. Figure 3a shows strands in two directions and (b) shows a whole braid
with diamond pattern.

From Fig. 3b, it could be observed that the model could reflect the interlacing
feature of braid. So the mathematician models based on the secondary helix would
be reasonable.
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4.2 Geometrical Modeling Based on Secondary Helix

The realization of secondary helix and helical surface
Besides the mathematical methods, the projection of secondary helix could also be
realized by CAD software. In this paper, the SolidWorks™ was employed to realize
this process, while for other similar CAD software, such as Pro-e™ and UG™, etc.,
could also be used to realize this process based on the same modeling process.
In SolidWorks™, there is tool to generate the helix directly. So it is easy to generate
the primary helix. At first, draw the projected circle on the sketch and use “helix and
spiral” tool to define the helix with direction/pitch length/helical angle. Then, the
primary helix can be obtained.

The secondary helix is obtained by helically sweeping a segment along the
primary helix. During this process, the “swept surface” tool is employed. At first, a
sketch which passes an endpoint of primary helix and is norm to the tangent line is
generated. The method is to draw a reference plane. On this reference plane, taking
the endpoint of primary helix as an endpoint, draw a segment as long as
the amplitude of crimp of braiding yarn, then take this sketch as sweeping plane and
the primary helix as sweeping path to generate a secondary helical surface, and the
sideline of this surface is the secondary helix.

In order to get the path of braiding yarn, it is necessary to generate the helical
surface. During the process to generate the helical surface, the “swept surface” tool
is employed again. At first, draw a segment on the sketch which passes the original
point and the starting point of primary helix, and it is longer than the diameter of
projected circle. Then, use sweeping tool to generate the helix surface taking the
segment as profile and the centerline of braid as path and at the same time, setting
the sweeping style as “twist along path” and the turn as 1. Then, the helical surface
can be obtained.

The next task is how to project the secondary helix to the helical surface. In all
CAD softwares, there are no tools that can project a space curve on a space surface.
So solving this difficulty becomes the key step to realize this model-building
process.
The realization of projection and braiding curve
According to the definition of projection, as shown in Fig. 4, the projective surface
is always normal to the helical surface and passes the secondary helix. The inter-
section of projective surface and the helical surface could be the projection of
secondary helix on the braiding surface, which is the braiding curve. So the real-
ization of projective surface would be the key for this modeling method. In
SolidWorks™, the projective surface is realized by sweeping method, and the
specialized steps are as follows:

(a) A sketch would be built at first which is always normal to the single helix. The
auxiliary plane is built taking the endpoint of helix and the primary helix as the
references.
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(b) On this auxiliary plane, draw a vertical segment, the length of which is longer
than 2Ab. Set that the midpoint of this segment is a kind of “make piece”
relationship with the secondary helix which makes sure that when sweeping,
the midpoint of this segment would always lie on the secondary helix.

(c) The projective surface could be obtained by “swept surface” tool taking the
sketch as the profile, the primary helix as the path, and the secondary helix as
the guide curve, as shown in Fig. 4.

Then the “intersection curve” tool is employed again to obtain the intersection of
projective surface and helical surface. The intersection of these two surfaces is the
braiding curve.

After getting the path of braiding yarns, the yarns can be obtained by sweeping
the cross section of yarn along its path. First, an auxiliary plane is needed to draw
the sketch. The auxiliary plane should pass the endpoint of the braiding curve and
be norm to the tangent line of the braiding curve at the endpoint. Then, draw a circle
taking the endpoint of the braiding curve as the center and the diameter of braiding
yarn as diameter. At last, the braiding yarn was generated by sweeping the sketch
along the braiding curve using sweeping tool. Considering the phase difference in
the same direction as Eq. (22) and the difference between strands in different
directions as Eqs. (23) and (24), it is not difficult to obtain the model of yarns in
another direction. The final model of this braiding structure is shown in Fig. 5.

Fig. 4 Generation of vertical
surface
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The braiding curve is realized by the projection of secondary helix on the helical
surface. The modeling method realizes the projection of a space curve onto a space
surface, so this modeling method has universal practicality. From the stimulating
effect, it could be observed that the modeling method based on the projective
relationship between secondary helix and braiding curve could well reflect the
interlacing features and the relative positions of strands.

5 Application and Discussion

Figure 6 shows the triaxial braids with different braiding angles. The parameters of
braided structures simulated based on this modeling methods could be adjusted
conveniently, such as the diameter, the braiding angle, etc. The braiding angles of
Fig. 6a–c are 30°, 45°, and 60°, respectively.

Besides, if the primary helix is a kind of helix with variable pitch, it could obtain
the braided structures with variable braiding angle as shown in Fig. 7. The braiding
angle of braided structure in Fig. 7 is varied gradually from 60° to 80°.

Fig. 5 Tubular braided structures a strands in anticlockwise, b strands in clockwise, and
c diamond braid
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This modeling method is also not confined by the cross section of strands.
Figure 6 shows the structures with circular strands. While in practice, for the
softness of strands, the strands could be flattened and the cross section of strand
would be a kind of elliptical shape. In modeling process, this kind of structures
could be obtained by sweeping the ellipse along the braiding curve, as shown in
Fig. 8a. If the cross section is a hexagon cross section, the braided structures would
be as shown in Fig. 8b.

In some cases, especially when the braided structures are used as covering or
decoration, the braided elements are not strands with circle or ellipse but a very thin
and wide fiber filaments or tapes. Under this case, it would be more reasonable to
simulate the braids with tape structures. This kind of tape structures is the extreme
case of elliptical structures and could be realized by replacing the ellipse by a
segment, as shown in Fig. 8c.

Fig. 6 Braids with different braiding angles a 30°; b 45°; and c 60°
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Fig. 7 Braided structure with
variable pitch
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6 Conclusion

This paper derived the mathematical models of braiding curve based on the pro-
jective relationship between secondary helix and braiding curve. Subsequently, the
geometrical models are built by two kinds of different methods. One is the math-
ematical method which is realized based on the mathematical equations of braiding
curve. In this process, the phase difference of strands in same direction and dif-
ferences of projective curve of braiding strands on the cross section of braided
structure are discussed in detail. Based on these equations, the whole braided
structure would be simulated. The other is CAD method. During this process, the
SolidWorks™ is employed. The projective relationship is realized by projective
surface which is built based on the definition of projection. The braiding curve
could be obtained by the intersection of projective surface and helical surface. The
strands could be realized by sweeping the cross section of strands along the braiding
curves. It could be observed that simulated models could reflect the interlacing
characteristics of real braided structures.
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Fig. 8 Braided structures with different braiding elements a elliptical strands; b hexagon cross
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Investigation of PET-Braided Vascular
Stents Potential Compared
with Commercial Metallic Stents

Hiba Jaziri, Sofiene Mokhtar, Khawla Aguir
and Saber Ben Abdessalem

Abstract Braided polymeric biomedical stents were developed as an alternative to
replace commercial metallic ones presenting several failures caused especially by
the used metals. Among those materials, the polyethylene terephthalate PET has
been used to develop stents since it is suitable for several biomedical uses, such as
vascular prosthesis. But in order to obtain the ideal PET-braided stent, its manu-
facturing parameters should be carefully chosen. For that, the current study aims at
developing polymeric braided vascular stents made of PET monofilaments.
According to a two-level fractional factorial design, stents are braided by varying
most of their manufacturing and heat-setting parameters (monofilament diameter,
stent diameter, braiding angle, heat-setting temperature and heat-setting time).
Then, the structural (cover factor, porosity, unchanged bending diameter) and
mechanical tests (radial compression, longitudinal compression, longitudinal
elongation) are performed. Developed stents performances are compared to those of
the Gore’s Nitinol stents. Then, effects of manufacturing parameters on stents
properties were investigated. After selecting the significant parameters for each
performance, optimal values were determined. According to the experimental
results, manufactured stents showed good performances comparing to Nitinol
stents. According to the factorial analysis, considered factors have different effects
from a response to another. The most common significant factors are monofilament
diameter, stent diameter and braiding angle, whereas the least important factors are
heat-setting temperature and heat-setting time. Also, models are adequate
(p-value < 0,05 and R2 > 80%) at the 95% confidence level. Furthermore, the
obtained optimum stent’s manufacturing settings can lead to PET-braided stents as
performant as Gore’s Nitinol ones.
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1 Introduction

Cardiovascular diseases such as coronary artery disease, vascular stenosis or
aneurysm require the use of stents, which are tubular and perforated structures
inserted in an organ (artery, intestine, trachea, etc.) in order to open its diameter and
restore its primary function. Materials used to manufacture stents have steadily
improved both in terms of technical performances and biological tolerance.
Generally, metallic stents are the most common commercial stents but they present
huge problems such as early thrombosis, intra-stent restenosis, infections, corro-
sion, etc. [1–3]. In order to avoid these complications, researchers have developed
stents using biocompatible polymers such as polyethylene terephthalate (PET),
polypropylene (PP), polyurethane (PUR), polydioxanone (PDS), polylactic acid
(PLA), etc. The majority of the results showed that polymeric stents can help to
minimize problems due to metallic ones and may replace them but investigation has
to be continued in order to find their ideal manufacturing parameters [4–6]. PET
monofilaments have been used to develop braided stents [3–5, 7]. Indeed, for
biomedical uses (such as vascular prostheses), PET is well tolerated after implan-
tation because it is reasonably chemically inert, biocompatible, flexible, elastic, and
resistant to sterilization [8]. Furthermore, PET has a good tensile strength and
rigidity, it is easy to handle and has a very low water retention that does not affect
the mechanical properties or the Tg [4]. Moreover, for the development of stents,
braiding seems to be the most suitable technique. In fact, braided stents could
exhibit a good dimensional stability, excellent mechanical properties, high shape
recovery, and good flexibility [3, 9]. For that, polymeric braid’s design parameters
and heat-setting conditions must be chosen correctly in order to obtain good
structural and mechanical properties similar to those of metallic stents.

Unlike other studies, in this work, we investigate simultaneously most of the
manufacturing and heat-setting parameters of PET vascular braided stents in order
to identify the most significant factors on the stents main properties and determine
their optimal values.

2 Materials and Methods

2.1 Stents Development

PET tubular braided structures were produced using a 16-head “LESMO” vertical
braiding machine. Horn gears were set to braid “Regular” braid and it was nec-
essary to use mandrels during manufacturing as a support for the braided tubular
samples (Fig. 1). After fabrication, samples were heat-set in a “MATHIS” stenter.
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Five manufacturing parameters were simultaneously varied following a
two-level fractional factorial design: PET monofilament diameter (øf: 0,3 and
0,5 mm), mandrel diameter (øs: 10 and 14 mm), braiding angle (a: 55° and 70°),
heat-setting temperature (T: 170 and 190 °C), and heat-setting time (t: 60 and
90 min).

The properties of the PET monofilaments are shown in Table 1:
Eight (2(5−2)) different samples were manufactured (Table 2) and their structural

and mechanical properties were measured.

Fig. 1 Braiding machine. a General view b Braid formation and mandrel guidance c Gears setting
for the higher braiding angle d Gears setting for the lower braiding angle
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2.2 Stents Characterization

2.2.1 Structural Characteristics

Cover Factor

Tubular braid’s cover factor (CF%) is defined as the ratio between the covered unit
cell area and the total unit cell area, in other words, it is the percentage of the

Table 1 Tensile properties of raw materials

Diameter
(mm)

Linear density
(tex)

Tenacity (CN/
Tex)

Elongation
(%)

Young’s modulus
(MPa)

0,3 86 53,61 34,34 4063,56

0,5 260 41,17 62,11 3099,4

Table 2 Sample’s
manufacturing parameters

Stent Øf (mm) Øs (mm) a (°) T (°C) t (min)

S1
S2
S3
S4
S5
S6
S7
S8

0,3
0,3
0,3
0,3
0,5
0,5
0,5
0,5

14
10
14
10
14
10
14
10

70
70
55
55
70
70
55
55

170
190
170
190
190
170
190
170

60
60
90
90
90
90
60
60

Fig. 2 Manufactured tubular
braided structure showing the
braiding angle
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mandrel surface covered by monofilaments [3, 10]. It is calculated using the fol-
lowing equation:

CF%¼ 1� 1� £f N

2p£scosa

� �2
" #

� 100; ð1Þ

Where N is the number of bobbins and a is the braiding angle (°) (Fig. 2).

Porosity

Porosity (P%) is an important characteristic for stents that expresses the blank area
percentage not been covered by material occupying the whole stent surface area.
A certain porosity provided space for cells to proliferate and the environment for
gas exchange, nutrition access and metabolite eliminate. Without porous on stent,
intima and blood flow were blocked, which would increase the risk of thrombosis
and restenosis. However, with an oversize porous, there will not be enough area for
cell proliferation, also a decrease on stent’s mechanical properties [11].

Fig. 3 Bending test
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In case of commercial vascular stents, and since they have as main function to
keep the arteries open, these devices must present a high porosity, approximately,
70–80% [12, 13]. P% is given as follows:

P% ¼ 100� CF% ð2Þ

Unchanged Bending Diameter

Bent sections of implanted stents should maintain at least 75% of their original
diameter, in order to avoid collapse [3]. Stent’s specimens with 8 cm in length were

Fig. 4 Stent’s Mechanical characterization: a Longitudinal elongation test, b Longitudinal
compression test, c Radial compression test
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bent until their ends were separated by 2 cm (Fig. 3). The diameter at the midpoint
of the bent section (Øb (mm)) was measured and the average unchanged diameter
(Øb% (%)) was calculated as follows:

£b%¼ £b

£s

� �
� 100 ð3Þ

2.2.2 Mechanical Characteristics

Longitudinal Elongation Test

Stents must have a good potential to elongate during deployment [14]. In order to
evaluate this potential, 10 specimens from each stent underwent an extension force
of 70 g (0,69 N) at a speed of 100 mm/min with a distance of 6 cm between grips
using a Lloyd tensile machine (Fig. 4a). The stent elongation Alll (mm) and
Young’s modulus El (MPa) were measured.

Longitudinal Compression Test

Stents must have good resistance to axial compression otherwise they will be easily
compressed at their ends when inserted with catheters [3]. To mimic the potential of
in vivo longitudinal compression forces, 10 specimens of 8 cm in length (from each
manufactured stent) were compressed longitudinally by 15% at a speed of 100 mm/
min using a Lloyd tensile machine (Fig. 4b). The average of longitudinal com-
pression force Flc (N) and Young’s modulus Elc (MPa) were determined.

Radial Compression Test

Radial compressive strength and stiffness must be enough to avoid stent recoil after
implantation [15]. To measure and evaluate these properties, 10 samples from
manufactured stents (8 cm in length) were compressed laterally by 25%, at a speed
of 25 mm/min, between two flat plates in a Lloyd tensile machine (Fig. 4c). The
average of radial compression force Frc (N) and Young’s modulus Erc (MPa) were
determined.

3 Results and Discussions

The responses corresponding to the eight manufactured stents are shown in Table 3.
Using MINITAB software (MINITAB Ltd, Coventry, UK), most significant

factors for each response were identified from analysis of variance and main effects
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plots (Fig. 5). According to the p-value, which is the probability (within a 95%
confidence interval) that the factor has a significant impact on the response, factorial
analysis showed that the five studied factors exhibit different effects on each
response.

Then, we developed linear models establishing relationship between each
response and their significant factors. The prediction models for responses, given in
Table 4, evaluate the effect of each variable to responses. The ANOVA indicates
that regression models are adequate due to high coefficient of determination R2.

Cover factor and porosity
Only monofilament diameter, stent diameter, and braiding angle are important
factors for porosity (P%) (and cover factor (CF%)). In fact, porosity increases with
the increase of stent diameter. Stents with higher monofilament diameter and higher
braiding angle show a lower porosity. The analysis of variance for the porosity (P%)

Fig. 5 Main effects plots for: a P%, b Frc, c Erc, d Alll, e El, f Flc, g Elc, h Øb%

Table 4 Linear final models

R2 (%) R2 (adj) (%) S Final models

P % 96,71 94,25 2,49 P % = 73,79 − 68,38 øf + 1,581 øs − 5,888 a

£b (%) 88,62 80,08 0,42 £b (%) = 83,46 + 0,235 a + 0,0793 T (°C)
− 0,0117 t (min)

Frc (N) 98,71 97,00 3,74 Frc (N) = -44,0 + 143,3 øf − 1,700 øs + 12,31 a
+ 0,4003 t (min)

Erc(MPa) 86,63 76,60 0,75 Erc (MPa) = 2,45 + 9,24 øf − 0,379 øs + 0,651 a

Alll(mm) 84,49 72,86 14,31 Alll (mm) = 48,7 − 180,6 øf + 4,48 øs + 12,33 a

El (MPa) 96,92 92,80 0,015 El (MPa) = 0,1440 + 0,3300 øf − 0,00925 øs
− 0,02900 a − 0,001450 t (min)

Flc (N) 92,68 74,38 0,29 Flc (N) = 2,47 + 3,90 øf − 0,1129 øs + 0,146 a
− 0,0167 T (°C) + 0,01110 t (min)

Elc(MPa) 98,06 95,48 0,004 Elc (MPa) = 0,1328 + 0,1550 øf − 0,004375 øs
+ 0,00450 a − 0,000600 T (°C)

R2 is the coefficient of determination; R2(adj) is the coefficient of determination adjusted to the number of
factors; S is the estimated standard deviation of the error term in the models
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has demonstrated that the model is adequate (p-value < 0,05) and explains the
96,71% of the variability in porosity at the 95% confidence level. Nitinol stents
commonly used have porosity >70% [3] and by observing the porosity values of
our developed stents, we find that only the stents S1, S3, S4, and S7 have P% values
between 70–80%.

Unchanged bending diameter
The percentage of unchanged bending diameter of PET-braided stents depends
essentially on the braiding angle and the heat-setting conditions (temperature and
duration). The most remarkable is that it increases when the heat-setting tempera-
ture increases.

In fact, heat-setting increased the handling of the stents during testing of the
samples. Also, stents having a higher braiding angle have a greater flexural resis-
tance resulting in a higher percentage of unchanged bending diameter. The
advantage is that all our manufactured stents did not lose their initial diameters
under bending, which is not the case for metallic stents. According to the obtained
values, the percentages of unchanged bending diameters of the developed stents are
all greater than 90% compared with 75% for Gore’s Nitinol stents [3].

The analysis of variance for the response (£b (%)) has demonstrated that the
model is adequate (p-value < 0,05) and explains the 88,62% of the variability in
unchanged diameter at the 95% confidence level.

Radial compression
The radial compression force of PET-braided stents depends essentially on the
monofilament diameter, stent diameter, braiding angle, and heat-setting time. The
Young’s modulus of these stents depends essentially on the monofilament diameter,
the stent diameter, and the braiding angle. Radial compression force and Young’s
modulus increase when the monofilament diameter, braiding angle, and heat-setting
time increase and decrease when the stent diameter increases. Indeed, a larger
monofilament diameter leads to a greater thickness of the stent, which results in a
higher resistance to radial compression. In addition, a larger monofilament diameter
improves the cover factor, hence improves the compactness of the stents. Also, the
radial compression leads to the bending of the monofilaments. Those with a higher
diameter are more resistant to bending, resulting in a greater resistance to radial
compression.

Stents with a higher braiding angle are more resistant to radial compression. For
higher braiding angles, the yarns are deposited more and more towards the trans-
verse axis, resulting in greater resistance to transverse forces acting during radial
compression. In addition, a higher braiding angle also improved the cover factor
and compactness of the stent resulting in a higher resistance to radial forces.
However, a too high braiding angle can also reduce the overlapping of the
monofilaments (as they are arranged more parallel to one another), and increase the
risk of slipping during compression.

By observing the values of the radial compression force Frc and the Young’s
modulus Erc of the samples, we find that S6 has the highest Frc and Erc values.
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Comparison with Gore’s Nitinol stents, having a radial compression force of 1,47 to
12,74 N [14], shows that S2, S5, S6, S7, and S8 have a very high Frc.

The analysis of variance for the responses (Frc (N)) and (Erc (MPa)) has
demonstrated that the models are adequate (p-value < 0,05) and explain the 98,71%
and 86.63% of the variability in the radial compression force and Young’s modulus
at the 95% confidence level.

Longitudinal elongation
The longitudinal elongation of PET-braided stents depends essentially on the
monofilament diameter, stent diameter, and braiding angle. Apart from these three
parameters, the Young’s modulus of these stents also depends on the duration of
heat-setting. Elongation decreases significantly when the monofilament diameter
increases, and increases when the stent diameter and braiding angle increase. We
can also notice that the elongation is lower when the heat-setting conditions
(temperature and duration) are higher. The longitudinal stiffness of the stents
increases as the monofilament diameter increases and decreases as the stent
diameter and heat-setting conditions increase. Also, the longitudinal stiffness
increases as the braiding angle decreases because the stent has undergone a larger
pull [7].

By observing the obtained values of samples elongation Alll and Young’s
modulus El, we find that stents with higher elongation have the lower rigidity.
Comparing with Gore’s Nitinol stents [14], having an elongation values between 4
and 49 mm, we find that all our stents (except S1) admit comparable values.

Longitudinal compression
The longitudinal compression force of PET-braided stents depends on the
monofilament diameter, stent diameter, braiding angle, and heat-setting conditions.
Indeed, the longitudinal compression force increases as the monofilament diameter,
braiding angle, and heat-setting time increase and decrease as the stent diameter and
heat-setting temperature increase.

The corresponding Young’s modulus depends on the monofilament diameter,
stent diameter, braiding angle, and heat-setting temperature. In fact, it increases
when the monofilament diameter and the braiding angle increase, and decreases
when the stent diameter and the heat-setting temperature increase.

According to Rebelo et al. [3], stents with larger monofilament diameter have a
higher longitudinal compression force due to their high flexural rigidity, as in
longitudinal compression stents are also subjected to flexion and buckling. An
increase in the stent diameter led to a decrease in the longitudinal compression
force. Stents with higher diameter have a lower cover factor, so a lower structural
integrity, resulting in a lower resistance to axial compression forces.

An increase in the longitudinal compression force with the increase of braiding
angle can be clearly observed. This was attributed to a better cover factor when the
braiding angle is higher, which also results in better structural integrity and greater
resistance to compression.
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By observing the obtained values of the samples longitudinal compression force
Flc and Young’s modulus Elc, we find that stents having an important longitudinal
compression force admit the higher stiffness. Comparing with Gore’s Nitinol stents
[14] having longitudinal compression force values between 0,098 and 1,127 N, we
find that the stents S2, S3, S4, S5, S7, and S8 admit similar values.

Simultaneous optimization
We performed overlaid contour plots (Fig. 6) in order to determine optimum stent’s
manufacturing settings best satisfying the following requirements: radial com-
pression force Frc: 1,47–12,74 N, longitudinal compression force Flc: 0,098–
1,127 N, longitudinal elongation Alll: 4–49 mm [14], and porosity P%: 70–80%
(cover factor CF%: 20–30%).

Considering the most common significant factors for those responses (øf, øs and
a), compromise regions were obtained only for Frc, Alll, Flc ,and P% when øf and a
change (Fig. 6a) and when øf and øs change (Fig. 6b).

Since there is no data showing the exact values of Young’s modulus for radial
compression, longitudinal compression or longitudinal elongation of stents, opti-
mum stent’s manufacturing settings are chosen in order to obtain the highest values
of stiffness: Erc: 2,5–4,8 MPa, Elc: 0,04–0,07 MPa, and El: 0,08–0,17 MPa. In fact,
stents must have the sufficient stiffness to expand the stenotic part and to prevent its
collapsing [15–17]. Considering the most common significant factors for those
responses (øf, øs and a), compromise regions were obtained only for Erc, Elc and El

when øf and øs change (Fig. 6c) and when øf and a change (Fig. 6d).
The optimum values obtained by analyzing all the overlaid contour plots are:

øf: 0,33–0,42 mm; øs: 10,5–12,5 mm and a: 61–65°.

4 Conclusions

In this study, the effects of five manufacturing parameters on main performances of
PET-braided vascular stents were investigated in order to determine the most sig-
nificant ones. Factorial analysis has shown that the entire considered factors are

Fig. 6 Overlaid contour plots of: a Frc, Flc, Alll and P% when øf and a change while the other
factors (øs, T and t) were set at medium levels, b Frc, Flc, Alll and P% when øf and øs change while
the other factors (a, T and t) were set at medium levels, c Erc, Elc and El when øf and øs change
while the other factors (a, T and t) were set at medium levels, d Erc, Elc and El when øf and a
change while the other factors (øs, T and t) were set at medium levels
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significant but not for the same response. Indeed, the most common significant
factors are monofilament diameter, stent diameter, and braiding angle, whereas the
least important factors are heat-setting temperature and heat-setting time.

Comparing to the 6 mm Gore’s Nitinol vascular stents, the developed PET stents
showed an excellent unchanged bending diameter (all >75%) and generally good
performances.

Furthermore, the obtained optimum stent’s manufacturing settings can lead to
PET-braided stents as performant as Gore’s Nitinol ones. The optimum values
obtained by analyzing all the overlaid contour plots are: øf: 0,33–0,42 mm; øs:
10,5–12,5 mm and a: 61–65°.

PET-braided stents show a huge potential to replace metallic commercial ones
but work will continue in order to determine the most suitable braiding and
heat-setting parameters which will lead to the ideal stent. For that, future work will
concentrate on the evaluation of other stents performances, the determination of
other braiding parameters and heat-setting conditions effects, and the study of the
in vitro fatigue behavior of PET-braided vascular stents.
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Experimental and Numerical Investigation
of Triaxial Braid Reinforcements

Boris Duchamp, Yordan Kyosev, Xavier Legrand and Damien Soulat

Abstract Triaxial braided reinforcements are extensively used as main constituent
materials in various biomedical and composite applications. The material parame-
ters, and the choice of process parameters during the braiding process, have a
significant influence on the geometrical and mechanical properties of these rein-
forcements. In this study, the manufacturing on a braiding loom of triaxial braids
with a large range of braiding angle is presented. On these samples geometrical
properties, as bias yarn length, crimp, linear mass, are experimentally identified in
function of the braiding angle. From uniaxial tests, the specific tensile behavior of
these braided fabrics is characterized. These results are compared with analytical
models described in the literature. Associated to this experimental approach, the
geometry of these triaxial braids is numerically modeled thanks to TexMind Braider
software dedicated for three-dimensional creation of braided structures.
Comparison between characteristics experimentally identified and computed is
analyzed.

1 Introduction

The internal geometry of textile reinforcement is an important factor in the rein-
forcement performance during composite manufacturing and in-service life of the
composite material. For the manufacturer, impregnation of the reinforcement is
governed by its porosity (size, distribution, and connectivity of pores). For
mechanical requirements load transfer from the matrix to the reinforcement is
governed by the fiber orientation, which plays a paramount role in the composite
stiffness; Authors based on the description of the internal geometry of the textile on
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data obtained by optical or microscopical observations on dry textiles and on
cross-sections of textile composites by tomography [1, 2]. These geometrical
descriptions were then used to calculate the homogenized mechanical properties of
the textile-based composites [3]. The major drawback of these models was their
dependency on empirically obtained descriptions of the internal geometry of the
textile. Realistic geometric representation of fabrics is essential for modeling of
mechanical and physical properties of textiles and textile composites. For classical
woven or 3D-woven structures, a lot of work were developed, for example, the
development of softwares as Texgen or Wisetex [4, 5], few work concerns the
comparison of geometrical models dedicated to braid reinforcement [6] with braids
structures manufactured.

Braiding process deposits continuous, intertwined fiber tows to create a desired
reinforcing braid architecture [7] and offers several advantages like control over the
fiber deposition angle and fast fiber deposition rate [8–14]. The braiding angle,
defined as the angle between the longitudinal direction of the braided preform and
the deposited fibers, is a key parameter in the kinematic analysis [9, 15–19] of the
process and of its influence on the mechanical behavior of braided composite [10–
12, 19–27].

Contrary to the behavior of dry woven fabrics [28, 29] the behavior of braids
reinforcement remains few studied. Potluri et al. [11] have focused on geometric
modeling and micromechanical modeling of non-orthogonal structures, establishing
the parallel between braided structures and sheared woven structures. Harte et al.
[30] presents experimental results on the behavior of tensile of biaxial braids, and
show the increasing of nominal axial strain in function of the braiding angle.
Hristov et al. [31] and Dabiryan [32] describes the nonlinear responses under tensile
loads in the axial direction of biaxial braids. DelRosso et al. [33] compare tensile
behaviors of Dyneema®SK75 and Kevlar®49 biaxial micro braids. The under-
standing of tensile mechanics of braided materials is the subject of works of Rawal
[34–37], and in a review [38] the key parameters that control the tensile properties
of biaxial and triaxial braided reinforcements are described with models associated.
Concerning triaxial braids some recents works [39–41] have shown that specific
tensile behavior labeled “double peak”, can be decomposed to the behavior of axial
yarns followed by the extension of bias yarns. This specific behavior depends on
the braiding angle but also raw materials.

In this paper, production and characterization of triaxial braids are presented.
Identification of structural characteristics, as braiding angle, linear density, and at
mesoscopic scale, crimp, and yans trajectory in function of braiding process are
detailed. Tensile behavior of all braid samples produced is identified. Associated to
this experimental approach, comparisons with models obtained with the TexMind
Braider [42] software, dedicated for three-dimensional creations of braided struc-
tures, are presented.
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2 Materials and Methods

For the production of braids, multifilament of high-density polyethylene, without
twist, was used, characteristics are specified in Table 1.

From this polyethylene multifilament for axial (denoted 0°, on Fig. 1) and bias
yarns, triaxial braids (schematized on Fig. 2) were produced in a horizontal
braiding machine (Herzog GLH 1/97/96–100).

This loom (Fig. 1) has been previously described for the production of a com-
plex shaped reinforced thermoplastic composite part made of commingled yarns
with integrated sensor [43], or comingled (flax/PA66) braided reinforcement [44].
The maximum number of carriers is 96 for bias yarns and 48 for the axial yarns. For
this study, two polyethylene multifilaments were used peer bobbins. In a braiding
machine, the gear train is typically circular, consisting of specialized gears called
horn gears composed of a spur gear bottom and slotted gear top. These gears move
two sets of bobbin carriers in opposite directions so that the yarns interlace to
produce the braid. The motion of the bobbins is accomplished by horn gears and
characterized by the number of horn gear (NHorngear), the carrier rotational speed
(xHornGears), and the production speed (Vbraid).

Bobbin carriers control the tension in the yarns, typically by interchangeable
springs. These process parameters allow to control the braiding angle, denoted b
and defined on Fig. 2, and can be used to compute it analytically [14, 19, 45], for
example, by the relation (1):

Table 1 Properties of
high-density polyethylene
multifilament

Linear density (Tex) 169

Twist (tr/m) 0

Elongation (%) 3,9

Tensile strength (N) 517 (± 7)

Fig. 1 Braiding loom (back and side view)
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tan bð Þ ¼ xHorngearD
NHorngearVbraid

ð1Þ

Where NHorngear is the number of horn gear on the machine, xHornGears the carrier
rotational speed, D the diameter of the braid and Vbraid the production speed. For
this study, samples of triaxial braids have been manufactured with different values
of these process parameters, presented in Table 2.

For each of these triaxial braids, different characteristics are experimentally
measured. First, geometrical properties associated to bias yarn length, crimp but
also linear mass and braiding angle. In a second step, mechanical properties are
identified by uniaxial tensile tests.

The measure of the length of a bias yarns is done manually. From a braid, bias
yarns (underlined on Fig. 3, as an example) are extracted, and their length is

Fig. 2 Scheme of triaxial braid

Table 2 Triaxial Braids produced, process parameters values

Name of
samples

Number of Bias
yarns

Number of Axial
yarns

Vbraid (m/
h)

xHornGears (Tr/
min)

1 192 96 144 47,01

2 192 96 108 46,21

3 192 96 72 47,03

4 192 96 55 45,16

5 192 96 36 44,54

6 192 96 27 62,84

7 192 96 18 63,74
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measured. Values are reported to 1m length of braid and represent the length of a
bias yarn in the structure.

This bias yarn length can be computed, analytically, for 1 m braid, from the
braiding angle, b, by the relation is given in Eq. (2), [46]:

Lbias yarn ¼ 1
cosðbÞ ð2Þ

Due to the interlacing in a triaxial braid, and compared to biaxial braids, higher
crimp for bias yarns is constated, as described by Endruweit and Long [47], and
Kier et al. [27]. Crimp is not taken into account in Eq. 2. Consequently, at the
microscopic scale, the crimp is experimentally measured. Braids are slightly
(without pressure) impregnated of resin and cross-section can be cut to identify the
crimp ratio, as illustrated on Fig. 4.

The braiding angles are measured during the braiding process and when braids
are removed from the braiding machine. These measures are realized by optical
techniques. Pictures of braids were taken and these pictures were analyzed using the
IMAGEJ, a public domain image-processing software [48], to measure angle 10
times at different places along the width and the length of the sample (Fig. 5). An

Fig. 3 Representation of
braids and bias yarns
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average of these values is computed to obtain the braiding angle. The standard
deviation of these measures is 0.5°.

Some studies [9] use the cover factor to characterize braids which are defined by
the ratio of mandrel surface covered by the tows at the end of the braiding process.
In this study, braids manufactured are characterized by their linear mass, in
weighing 10 samples by configuration and assigned to their lengths. The precision
of the balance is 0.001 g.

Additionally, to these geometrical properties (bias yarn length, crimp, braiding
angles, linear mass) uniaxial tests on braids were conducted on an Instron tensile
machine with a 250 kN load cell. According to the standard NF ISO 13 934, the test
speed is equal to 50 mm/min. Ends of the sample are maintained by composites
constituted by resin epoxy and UD glass, to avoid the sliding under the grips of the
tensile machine. The results are obtained from the analysis of 10 samples tested for
each configuration. All the tensile tests were realized in the axial direction, as
illustrated in Fig. 6.

Fig. 4 Illustration of crimp of the bias yarn (up) and axial yarn (down)

Fig. 5 Image J software to measure the braiding angle
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3 Geometrical and Tensile Properties of Triaxial Braids

For each sample of triaxial braids produced with braiding parameters, presented
Table 2, braiding angles are measured experimentally, thanks to the protocol pre-
sented before. We report on Fig. 7 values of braiding angle in function of pro-
duction speed (Vbraid). Experimental values are compared to analytical values
given by the Eq. 1.

These process parameter values were selected to have a wide range of braiding
angles. The good adequacy, between values obtained experimentally and predicted
by the analytical relation, demonstrates the good control of process parameters on
the braiding loom.

Fig. 6 Triaxial braid during
uniaxial tensile test
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Thanks to the protocol described before, crimp ratio is experimentally measured
on triaxial braid samples. Table 3 reports values averaged on all configurations of
braids manufactured, for the axial yarns and for the bias yarns.

Kier et al. [27] have shown, by micropictures of braids, the importance of
crimp. The influence of the interlacing of the yarns creates a complex load path that
reduces the effective stiffness of the composite in the longitudinal direction [49, 50],
and the peak stresses occur at the undulating region and along the edges of the tow
[26, 51]. Compared to biaxial or triaxial braids with a weaker braiding angle [52],
we can underline that the crimp ratio is higher and especially for bias yarns.

In these braids samples, characterized by their braiding angles, bias yarn length
and linear mass are measured. On the same Fig. 8, these two characteristics are
superimposed with two scales of values (on y-axis, right, and left, respectively, for
the linear mass and bias yarn length).

These two properties exhibit the same trend with the increase of the braiding
angle. Concerning the bias yarn length, measured for all samples, on 1 m braid
length, the increase of braiding angles involves a longer path for bias yarns and
consequently a larger bias yarn length. These experimental values will be compared
in Sect. 4, with those estimated by Texmind software. This augmentation in
function of the braiding angle affects obviously the linear mass of braids, as shown
in Fig. 8, which increases with the braiding angle.

If analytical relations predicting the cover factor in function of braiding
parameters are given in literature [9, 15–19], models concerning the linear mass are

Table 3 Crimp ratio
measured on triaxial braids

Parameter Axial yarns Bias yarns

Average crimp 4% (± 0.2%) 16% (± 1%)
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unusual. In a previous study [52], the analytical relation has been proposed to
compute the linear mass of braids (biaxial or triaxial) from the braiding angle, the
linear density of the raw material and the number of yarns. For triaxial braids, this
relation is given by the Eq. 3:

½Mlin:triax ¼ NBiasTCBias

cos bð Þ þNAxialTCAxial� ð3Þ

NBias and NAxial are, respectively, the number of bias (192) and axial (96) yarns,
T the linear density of the yarn (value specified in Table 1), CBias and CAxial are the
crimp factor of bias and axial yarns (values measured in Table 3).

We report in Fig. 9, the comparison between values measured experimentally
and those obtained by this analytical relation (Eq. 3). This figure shows a strong
correlation between these results; The previous study [52] on biaxial and triaxial
braids has proven the necessity to consider the crimp in the model predicting the
linear mass. Let us denote that for a high braiding angle (Fig. 9) the difference
between the analytical and the measured value is higher. For this triaxial braid, we
can suppose that the crimp is higher that, the averaged value (specified in Table 3)
and used in Eq. 3.

Tensile tests in axial direction have been conducted on triaxial braids. Tensile
behavior of braid structures is illustrated by load-deformation curves, as presented
in Fig. 10. The specific tensile behavior characterized by a “double peak” phe-
nomena has been discussed and explained in previous studies [39–41, 52]. This
behavior can be divided into two parts. First with the contribution of the axial yarns
until their break (first peak) following to a load recovery from the bias yarns
(second peak). In [39, 52] it was shown the dependence of the braiding angle on
this type of behavior, for triaxial braids with a small braiding angle, or for biaxial
braids (without axial yarns) the second peak is not present.
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For triaxial braids manufactured we report in Fig. 11, mechanical behaviors of
two triaxial braids, (of respectively, 19° and 35° braiding angles) which present a
“double peak” phenomena. The evolution of the load modulus (defined by slopes of
linear parts of these tensile curves) in function of the braiding angle has been
discussed, in a previous study [52]. In this paper from these tensile curves, maxi-
mum loads at each peak, as defined on the Fig. 10, are measured for each triaxial
braid. Values of maximum load are specified on Fig. 11.

This figure shows that maximum loads decreases significantly when braiding
angle increase. This evolution is constated for the first peak until a limit angle (35°,

Load measured
at the first peak

Load measured
at the second peak

Fig. 10 Tensile behaviors in axial direction of triaxial braids of 19° and 35° braiding angles
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for the triaxial braids considered in this study) from which the maximum load, at
the first peak, remains constant. The evolution of the maximum load at the second
peak follows the same trend, until a braiding angle of 44° where the maximum
loads, at the second peak, become constant. Triaxial braid with the smaller braiding
angle (12°) does not present a double peak. For the first part of the tensile behavior
of triaxial braids, the evolution presented on the Fig. 11, shows that the maximum
load does not depend only of the contribution of axial yarns (in the load direction)
but the bias yarns contribute to the performance of the triaxial braids. Compared to
the previous experimental study [52] conducted on the same raw material, but with
just one yarn on bobbins for axial and bias position, and for which values of
maximum load were weaker, we can conclude that the maximum load at the first
peak depends on the following parameters: linear density of raw material, number
of yarns in axial and bias position and the braiding angle. For the second part of the
tensile behavior, called second peak, the measure of the evolution of the braiding
angle during the tensile test [52, 53] has shown, especially for triaxial braids with an
initial large braiding angle, a significant reduction of this angle, which can explain
the decreasing of the maximum load value until an asymptotic level.

4 Geometrical Modeling of Triaxial Braids

Associated to the manufacturing of triaxial braids on the braiding loom and to the
characterization of the geometrical and mechanical properties, described before, the
computer-aided design (CAD) software for braiding TexMind Braider [42] has been
used.

This software, based on the relations for interlacement of the yarns during the
braiding process, is a generalized geometrical model able first to generate 2D and
3D geometries of braids by computation of the yarn axis coordinates from datas
given by user (Numbers of yarns, section of yarns, diameter of the braids, type of
braids, etc.…). The description of this software can be found in [54–57] and has
been extended to a generalized geometrical approach for modeling flat and tubular
braided structures, with arbitrary floating length and filaments in the yarn based on
the braiding machine [58].

The aim of this part is to compare measured properties presented before to those
computed by the software on all the triaxial braids studied in this work.

For two triaxial braids with respectively a weak (19°) and a large braiding angle
(69°), we represent Fig. 12 the comparison between the triaxial braids simulated by
the software and those manufactured. Small windows are associated with the
computation of the braiding angle obtained on the modeled geometry or from the
measure by the Image J software.

Same process and raw material parameters have been given, as input datas, in the
software, especially the choice to use, for this manufacturing, 2 yarns of each
bobbins. The braiding angles computed on the modeled geometries are very close to
the values measured.
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Associate to the generation of braids models, TexMind Braider software is also
able to compute braids properties as linear mass and the bias yarn length. We report
in Table 4 values of these characteristics obtained by the simulation and identified
experimentally, as described in previous sections, for all triaxial braids studied. All
the results are given for one linear meter of the produced braid.

Comparisons on these quantities are illustrated on the Fig. 13, in function of the
braiding angles.

Fig. 12 Geometric model of triaxial braids. (Up : 69° braiding angle; down: 19° braiding angle).
Comparison of the braiding angle computed (left) and measured (right)
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Concerning the evolution of the bias yarn length in function of the braiding
angle, the Fig. 13 shows the same trend for experimental measures and values
predicted by TexMind Braider Software. Experimental values are slightly different
than those given by the software. Values computed by the software are based on
analytical relation given in Eq. 2.

For the linear mass, values measured and computed by the software follow, also,
the same trend with the increasing of the braiding angle, phenomemon which has
been explained previously, and values are close. However, from the Fig. 13 we can
show that computed values underestimate experimental values which were
well-approximated (Fig. 9) by the analytical relation specified in Eq. 3 (except for
higher braiding angle). Taking into account of the crimp for the prediction of linear
mass can explain differences between measured and computed values.

Besides the computation of geometrical properties of braids, as presented before,
the Texmind Braider software proposes to estimate maximum tensile strength, from

Table 4 Linear mass and bias yarn length identified from models and measures

Samples Computed (1 m of braid) Measured (1 m of braid)

Braiding angle
(°)

Linear mass
(g/m)

Bias yarn length
(m)

Linear mass
(g/m)

Bias yarn length
(m)

12 48,84 1,02 53,60 1,07

13 52,03 1,09 53,90 1,08

19 50,46 1,06 54,63 1,11

25 52,15 1,09 55,74 1,16

35 57,93 1,22 61,19 1,29

44 65,69 1,39 69,70 1,46

69 87,38 2,78 94,24 2,92
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Fig. 13 Comparisons between geometrical properties of triaxial braids identified from models and
measures
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input data as the tensile load of yarns (specified in Table 1), the numbers of yarns
and the braiding angle of the braid. We use this option, in fact, to compare with load
values identified experimentally (presented Fig. 11) during tensile tests.

In Fig. 14 we report, in function of braiding angles of triaxial braids, experi-
mental values of maximum tensile strengths measured at the first and the second
peak, as discussed previously, numerical values computed by the software
according to two models. The first model concerns the contribution of axial yarns to
the maximum strength, denoted Faxial, computed from the number of axial yarns
Naxial and the tensile load of yarns Fyarns. The second model is associated to the
contribution of bias yarns, noted Fbias, computed from the number of bias yarns
Nbias, the tensile load of yarns Fyarns and the braiding angle b. These models are
given in Eq. 4.

Faxial ¼ NaxialFyarns

Fbias ¼ NbiasFyarns cos bð Þ ð4Þ

Comparisons with experimental values, expressed in Fig. 14, can conduct to the
following analysis. The first part of the tensile behavior cannot be associated with
the only contribution of the axial yarns, in the direction of the load applied.
Compared to experimental values (at the first peak), for small braiding angles the
strength from axial yarns is too weak, and for higher braiding angle (superior to
20°, in this case), this contribution overestimates the strength at the first peak.
Concerning the second part of the tensile behavior, the contribution of bias yarns,
computed from the initial braiding angle of triaxial braids leads to overestimate the
strength at the second peak, especially for small braiding angles. This comparison,
based on strength, allows to conclude that a triaxial braids cannot be considered as a
simple superposition of axials yarns and bias yarns. Relatively to the first model
used in this study, the development of significant models able to predict mechanical
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properties (stiffness, strength, deformation) characterizing tensile behavior, requires
to take into account two parameters. First, the crimp of yarns from the interlacing
during the braiding process which modifies the alignment of yarns in the load
direction and consequently decreases the contribution of these yarns to the strength.
Second, the modification of the braiding angle during the tensile test. All of the
models consider the initial braiding angle, but during the tensile test, bias yarns are
free to rotate in the load direction, and consequently, the braiding angle decreases,
as shown in previous works [52, 53].

5 Conclusions

Associated with the braiding technology, this paper presented a comparison
between models able to describe braided fibrous materials and experimental mea-
sures from braids manufactured on a braiding machine. This study has been ded-
icated to triaxial braids with the contribution of axial and bias yarns to geometrical
characteristics but also to mechanical parameters characterizing the mechanical
behavior. Experimental measurement has been realized at different scales to identify
crimp, linear mass, bias yarn length but also the braiding angle, main parameter of
braids, which depending on the control of braiding parameters during manufac-
turing. Tensile behavior of triaxial braids produced with two yarns by bobbins and
with a large range of braiding angle has been analyzed. Depending on the value of
braiding angle a specific behavior with or without a double peak has been under-
lined. Associated to this experimental approach, comparisons with computation
models from TexMind Braider software have been presented. This study has shown
the importance to consider crimp for geometrical characteristics. Future works will
concern the development of accurate models to predict the mechanical behavior.
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Fibre-Rope-Driven Parallel Handling
Device

Christoph Müller, Markus Helbig and David Holschemacher

Abstract A concept of a rope-driven handling device was developed. The scope of
the work was to achieve a significant noise reduction by the utilisation of
high-performance fibre ropes actuated by motor winch devices. A two-dimensional
demonstrational was implemented and analysed. Furthermore, a concept for the
compensation of the weak axis was set up. In comparison to conventionally built
axles, a significant lowering of the emitted sound pressure level was achieved.

1 Introduction

The performance of current order picking systems, which determines the average
time to deposit and withdraw goods, is limited by the predominant mechanical
systems that use conventional serial kinematics. Furthermore, the noise emission by
conventional axis set-ups proves to be quite problematic. In contrast, rope-driven
parallel kinematics and handling devices are known as highly flexible dynamic as
well as low-noise emitting structures. This is related to their low mass motion and
guiding element, the fibre rope. The general positioning operation is carried out
simultaneously by the ropes, which refers to the definition of parallel actuators.
Established applications are camera guiding systems, rehabilitation training devices
and particular conveying systems mainly used in the commissioning process.
Advantages of cable robots (Fig. 1) in general can be described as follows:
(i) highly efficient in terms of material and energy consumption, (ii) scalable
workspaces due to marginal mass gathering by longer actuators, (iii) superior
relation of actuator mass versus payload enables higher dynamics and (iv) in
addition, fibre ropes come with extremely smooth running characteristics, which are
not comparable with conventional axis set-up.
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In the present study, a prototypical rope-driven handling system was developed.
The positioning of a traverse moving in between shelf units is realised through two
propelled rope slings (Fig. 4). This enables the traverse to be positioned planar and
simultaneously maintaining tension in all rope sections by synchronous operation of
all drives. The main objective was to substitute commonly used serial kinematic
systems with a parallel rope kinematic system. Motion assemblies in serial kine-
matics such as drivebelts or gear rods are highly responsible for the noise emission
in conveying systems due to their gear contacts. In contrast, rope-driven kinematics
is nearly noiseless due to missing gear contacts. Another aspect in terms of noise
emission is the general power input. A comparison of completely different chain
conveying systems (the conveying velocity as a measure of power input) shows
major influence on the emitted sound pressure level (SPL) (Fig. 2).

Concept of a CRPM cable robot with weak axis compensation.
Cable-driven robots with non-redundant axis set-up (Table 1, CRPM) are kept

stable only under the action of gravity. Thus, the axles can be described as ‘weak’,
because only the force of gravity leads to restoring forces in the ropes. However, the
authors prefer the concept of weak axis as a matter of cost efficiency. Redundancy
in the axis has major effects on the number of independent motion assemblies,
because every optional motor winch increases the resulting costs (Fig. 3). When it
comes to substitution of serial kinematic robots, a 2d planar motion only needs two
separate motion assemblies. Furthermore, a parallel rope robot should contain only
two separate motor winches, which lead to the described set-up.

Fig. 1 The fibre-rope-driven manipulator platform is maintained under a stable position due to the
action of gravity. In accordance with [1]
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Therefore, the concept of a cascade of compensatory strategies for the weak
axles was developed to achieve acceptable dynamic stability and positioning
accuracy. In stage I, the known ideal stiff consideration of the fibre rope without
regard to the ropes mechanical behaviour is replaced by a visco-elastic model. This
model takes into account the time dependency of stiffness and damping phenomena
which are mandatory for the modelling of oscillating rope deformation. In Stage II,
the model is utilised to calculate the manipulator center point (MCP) by realistic
rope lengths. Furthermore, the rope loads can be estimated by the model. Therefore,
a new access to the positioning process (acceleration, const. axis velocity, breaking)

Fig. 2 SPL versus conveying
speed of five different chain
conveying systems, low speed
and high speed measure for
each system

Table 1 Level of redundancy. In accordance with [2]

Abbrev. Conditiona Meaning

IRPM m� n Incompletely Restrained Positioning Mechanism

CRPM m ¼ nþ 1 Completely Restrained Positioning Mechanism

RRPM m[ nþ 1 Redundantly Restrained Positioning Mechanism
a m = Number of separate motion assemblies, n = Degrees of Freedom (DOFs)

Fig. 3 Costs and axis
stiffness versus level of
redundancy qualitative plot
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is possible. In Stage III, dynamic parameters within the axis drive control are set to
the estimated limits of the fibre rope. In Stage IV, the axis stiffness is increased by
active phase opposite position control, e.g. compensation of overshooting or inertia
adapted breaking ramps.

2 Implementation

A space-related model of an order picking system was implemented (Fig. 4).
A planar motion (x/y) of the central beam (1) is initiated by two separate motor rope
winches (2). The two winches drive the upper so-called ‘master’ rope slings. The
lower two rope slings so-called ‘slaves’ were strained by a static load applied
through a rope reservoir (3). The both free ends of one master rope sling are driven
by one motor winch. The both free ends of one slave rope sling are driven by one
rope reservoir. This is necessary in order to move both ends of the traverse parallel.
At the one side, a position measurement system (draw wire sensors) was attached.
In a preliminary test set-up, the motor winches were set up and parameterised in the
motion control. The rope drives were implemented as linear axles in the motion
control unit. Therefore, the mechanical parameters, e.g. gear ratio and winch drum
diameter were parametrised.

In a direct forward approach, an algorithm for computing the axis coordinates
(A1 and A2) from the MCP coordinates (x and y) was implemented. Since the
given parallel kinematic is non-redundant, in terms of a completely restrained
positioning mechanism (CRPM), the algorithm is only geometrical determined for
the static case. The coordinate transformation was derived from Fig. 5. Thus, the
motion control could be set up. Two different operating methods were implemented
(i) manual movement via a joystick and (ii) a cyclic positioning process with

Fig. 4 Functional structure of the demonstrational with parallel axles; representation of rope
slings (blue) and position measurement (red)
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randomly sampled endpoints. In all cases, the motor moment was limited in order to
the estimated limit of 10% of the breaking load of the ropes (Table 2).

Further, the mechanical components of the (i) motor winch, (ii) rope reservoir
and (iii) traverse were designed and built (Fig. 6). The PA 6 G winch drum is
driven by a Siemens integrated drive and a 10/1 planetary gear. So, the maximum
winch momentum is 45 Nm at maximum 450 rpm. The drum has an effective
diameter of 100 mm which leads to a maximum of 900 N rope force. The rope
reservoir was mass loaded. The lower sheaves were vertically displaceable in order
to apply the load on the rope slings. The traverse was equipped with four inde-
pendent rotatory mounted sheaves on each side. So, there was no rigid connection
in between the rope and the traverse.

Fig. 5 Coordinate transformation

Table 2 Rope design

Core Cote Rope

Design 12 strand, dnom =
2.5 mm

Design 16 strand Breaking force
FB

2.85 kN

Material Technora T221 Material Polyester Rope load limit <0.1 � FB

Braid
angle

35° Yarn/
strand

1

Twist 11° Twist 0°

Lin.
density

5 kTex

Braid
length

10 mm
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3 Rope Design

A stiff rope design is reasonable for precise positioning and repeating accuracy. In
combination with a highly damping structure, overshooting can be minimised. In
terms of durability, the bending over sheave cycles is the most significant
mechanical property. Therefore, a D/d ratio of 25 was achieved with a 4 mm rope
design (Table 2). Static tension tests as well as dynamic strain step response tests
delivered time parameters for the motion control.

4 Results

A demonstrational has been built as a space-related model of a real picking system.
The main objective was to proof the practical functionality of handling a traverse in
two axes via a fibre-rope-driven parallel actuator. Furthermore, the emitted noise
had to be reduced by a significant amount. Both requirements were met by the

Fig. 6 Components of the demonstrational; a Winch drum, b Rope reservoir and c Central beam
(traverse)

Fig. 7 Comparison of the
emitted sound pressure level
(A-weighted) of a
conventional build axis
(drivebelt) versus the
rope-driven handling system
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developed system. The actuator showed stable motion characteristics, e.g. minor
overshooting at the driven dynamic parameters occurred (1.5 m/s travel speed and
5 m/s2 acceleration while testing). The system provides good adaptivity, since the
axis length is variable to a certain extent and the driving power is less compared to
conventional systems. It comes with enhanced acoustic properties in comparison to
conventionally built axles (lowering of the sound pressure level > 6 dB(A), Fig. 7).
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Pattern Design with the Variation
Braider VF of Company Herzog GmbH

Peter Gleßner and Yordan Kyosev

Abstract This paper presents an overview about the patterning possibilities of the
new variational braider of the company Herzog GmbH. Presented are two practical
examples with the sequences of their programing and some issues about the pro-
gramming with the user interface. Some configurations for production of flat braids
are checked using simulation software TexMind Braiding Machine Configurator. It
is found that regular flat braids with three carriers and irregular flat braids with four
carriers can be produced with the machine as well.

1 Introduction

The Herzog variation braider type “VF 1/(4-32)-140” is a 3D braiding machine with
switchable, pneumatic controlled crossings which permit the change of the track
plate during the braiding process.

Concerning to the horn gear setup of a variation braider with 16 horn gears on a
4 � 4 grid, the first idea of usage is the 3D-braid sector with its characteristic
diagonal tracks for building three- or four-track braids with a square cross section.
In this regard, 3D braids are defined by fibers which are orientated in
through-thickness direction [1].

The left 2 � 2 grid in Fig. 1 is a setup used to produce square braids (in fact
tubular) with eight carriers which is, for example, practiced by the industrial pro-
duction of round candle wicks [2]. This implies that it is possible to produce four
square braids with eight carriers each in one process on one machine. Compared to
four separated 2 � 2 grid braiders, the flexibility of the 4 � 4 variation braider is a
huge advantage.

Furthermore, the machine can produce a two-layer braid in once process, if the
inner four horn gears built a 2 � 2 grid with an eight-carrier round braid, and the
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outer horn gears are running with a 24-carrier round setup using a 1 full 1 empty
arrangement [3] (Fig. 2).

The Herzog VF braider is also mounted with a part length control which gives
the possibility to change the braid properties during the braiding process in defined
intervals. These properties are individual lay length, horn gear speed, creating
non-braided parts by moving the take-off without turning the horn gears or

Fig. 1 Tracks for two-, three-, and four-diagonal braids (packing braids) on the variation braider

Fig. 2 Track sketch for a two-layer braid on the VF machine
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changing the geometry by using the crossing control. If the machine is equipped
with a horn gear revolution counter, it is possible to set a part length for a defined
number of horn gear revolutions.

The following sections will give an overview of pattern possibilities by using the
part length and crossing control.

2 Overview of Some Patterning Options on the VF
Braider

Besides the already mentioned possibility of producing three- and four-track or
two-layer braids, the computer and pneumatic controlled crossings allow to choose
a setup for braiding of different tubular patterns like for instance 4-, 8-, 12- 16-,
24-, or 32-carrier braids with a 1 full 1 empty, 1 full—3 empty and most of them as
well with 2 full—2 empty carrier arrangement [2].

However, the option of switching the crossings without using a tool during the
process brings the opportunity to change the geometry of the braid by programming
loops in the variation braider mode. The following pattern is an example for a
sixteen-carrier braid which splits into two eight-carrier braids for a defined part
length until it joins back together. For this loop, there are eight steps necessary
which are shown in Fig. 3.

Fig. 3 Pattern 1—Crossing loop for 1 � 16 to 2 � 8 to 1 � 16 geometry. Steps: 1—start
position; 2—change crossings, 3—move forward, 4—change crossings: end position; 5—start
position, 6—change crossings, 7—move forward; 8—change crossings: end position
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According to the complexity of the bifurcation, there are more steps necessary,
however, there are a lot of mistake sources relevant to the evenness of the braid.
The following pattern shows a 32-carrier tubular braid which splits into four
8-carrier tubular braids and comes back together in a 12-step crossing loop (Fig. 4
produced sample and Fig. 5 sequence).

Fig. 4 Pattern 1––Crossing loop for 1 � 16 to 2 � 8 to 1 � 16 geometry

Fig. 5 Steps: 1—start position, 2—change crossings; 3—move forward; 4—change crossings;
5—move forward; 6—change crossings, end position; 7—start position; 8—change crossings;
9—move forward; 10—change crossings; 11—move forward, 12—change crossings, end position
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It is also possible to build a two-layer braid as shown in Fig. 2, which splits into
four eight-carrier braids (Fig. 6) and unifies to a two-layer braid back again (Fig. 7).

3 Control Software

Like described in the introduction, the VF braider gives the possibility to change
parameters like lay length, horn gear speed, or height correction for a defined
number of horn gear rotations or braided length. The operator can program all steps
in a part length editor on the touchscreen (Fig. 8).

Fig. 6 Pattern two with four splits

Fig. 7 Two-layer braid with bifurcations
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In the yellow field, it can be found an interface to the crossing control which
gives the opportunity to reserve one or more part length steps for a track change.
The crossings must be programmed in a separate surface called variation braiding
(Fig. 9).

The variation braiding interface is a live-teach-in program. The crossing change
must be saved step by step whereby one step can be changing one or more
crossings, moving forward or moving backward.

You can change crossings only if the machine is stopped and the horn gears are
in 45° position which is detected by a sensor and a blue lever. There are also
sensors which detect the carrier position so the operator can see the current set of
carriers on the display. If the machine is equipped with a Version 3.7.11 or higher,
there is a new setup check and sequence editor with the following properties [4]:

• Compare the actual setup with the aimed setup in the sequence’s recipe
• Playback simulation of the whole transition step by step or automatically
• Edit carrier, crossing, and control information in every step without repro-

gramming the whole sequence
• Create empty recipes

Once a crossing sequence is programmed and stored, it must be linked in the part
length editor. When the part length step is achieved, the carries will move to the
programmed start position to begin the crossing change sequence.

Fig. 8 Part length control
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4 Flat Braids on Variation Braider

The variation braider allows as well production of some flat-braided structures.
With the Software TexMind Braiding Machine Configurator [5, 6] is possible the
simulation of different arrangements of gears and carriers and their motion,
including the check if the carriers are crashing. With the current configuration of the
variation braider of the company Herzog, it has horn gears with four slots each. The
production of regular flat braids with larger number of carriers is not possible. For
production of flat braids, gears with at one more (five) or less (three) slots have to be
placed at the edges (Fig. 10b). This additional slot shifts the phase of the motion of
the carrier and places it after turning its direction in an empty slot of the next gear. If
the turning slot has four slots as all other gears (Fig. 9a), its carriers will have to be
placed at occupied sots after changing their direction.

The problem with the crash actually can be avoided for some configurations and
not all, but some flat small braids can be produced on the variation braider too.

Figure 11 demonstrates a configuration with two horn gears, both with four
slots, where configuration with three and four carriers is possible. Structurally, both
braids are identical, the second one (Fig. 11d, machine Fig. 11b) has two yarns
which are building a group. If three gears are used in the machine, again four
carriers can be arranged and used for production of similar to flat braids (Fig. 12).

Fig. 9 Crossing control
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In this case, the structure becomes more irregular—some yarns float over two
another yarns at one place and over one at different place.

The Configurator can simulate diagonal braids and any of the adjustment of the
variation braiding machine (Fig. 13) in very convenient way. It allows simulation
of the carrier motion which helps in the search of reasons for collisions between the
carriers. Its current version actually does not support dynamical change of the state
of the switches. If this option becomes available, it would significantly simplify the
design of the complex braids.

Fig. 10 Tuning problematic a after turning its direction the carrier crashes because its future slot
is still occupied. b in the normal case, the turning gear has one more slot and shifts the need for
new empty slot in the time at one cycle

Fig. 11 Production of flat braids (soutache) with three yarns and irregular braid with four yarns.
Configuration (a) leads to braid (c); configuration (b) lead to braid (d)
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Fig. 12 Irregular flat braid with four carriers over three gears

Fig. 13 Carrier arrangement and top view of a setup of the variation braider for production of
three diagonal (packing) braids. The side views are with different braiding angle
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5 Conclusions

Compared to classic braiding machines, the VF braider and its switchable crossings
take braiding to another level. The pattern opportunities and possible applications
are diverse and incomparable to other braiding machines.

However, the programming of loops can bring some problems. When carriers
are moving forward or backward inside of a crossing loop, they release additional
yarn length and thus cause longer visible floating yarns or unequal lay length.
Moreover, when the carriers move to a start position for a cross change loop, the
same effect might happen. Furthermore, the used yarn count can influence the braid
structure if there are different yarns or yarn numbers on carriers in the same track.
This problem may especially be bad for braids with bifurcations like shown in
Fig. 5 or 6 because the carriers can be mixed. For a smooth braid structure, it is also
important to think about the take-off inside crossing loops. When moving the
carriers in a loop, the take-off system should be stopped to prevent lay length
mistakes. From other point of view, using the software TexMind Braiding Machine
Configurator, several arrangements of the machine can be simulated. This reduces
the design time of the braids and can help in the preparation of the braiding
programs.
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Ultrasonic Dip Coating of Fibre Ropes
with Large Diameters

David Häser, Klaus Nendel, Christoph Müller and Markus Helbig

Abstract Conveyor-technical and winch-based applications like elements in
cranes or shipbuilding with required payloads of 5 tons and above put enormous
requests on high-strength fibre ropes. The application of wear-reducing coatings is
therefore essential. In case of the structural design of fibre ropes with large diam-
eters, a complete penetration with coatings is not achievable with conventional
coating techniques. Therefore, the coating with the help of ultrasonic is a new way
to improve the penetration of fibre ropes with higher diameters.

1 Introduction of Fibre Ropes with Large Diameters
in Conveyor-Technical Applications

Textile machine elements such like braided ropes made out of high-strength
polymer fibres offer significant advantages compared to steel-wire ropes with the
same diameter. In addition to their low mass combined with high tensile strength,
good bending properties and corrosive resistance characterize them. Particularly in
extremely demanding conveyor-technical applications like winches, cranes but also
high-dynamical uses like shuttle systems and fast operating load elevators, con-
siderable mass and thus energy savings are obtainable.

Due to the required minimum safety factor of 8 or more for the traction means in
crane and winch-based applications, breaking loads of up to 400 kN result for the
rope construction. As a result, fibre rope diameters of 20 mm and above are
required despite the use of high modulus-high tensile materials. Due to the
demanding load settings, the application of wear protection plays an important role
of stretching the operational capability of fibre ropes as far as possible. The standard
methods for applying wear protection agents for fibre ropes with small diameters up
to 12 mm like dip coating are not suitable for greater diameters. A full penetration

D. Häser (&) � K. Nendel � C. Müller � M. Helbig
Institute for Materials Handling Conveying and Plastics Engineering,
Technical University of Chemnitz, Chemnitz, Germany
e-mail: david.haeser@mb.tu-chemnitz.de

© Springer International Publishing AG 2018
Y. Kyosev et al. (eds.), Narrow and Smart Textiles,
https://doi.org/10.1007/978-3-319-69050-6_14

159



with wear protection cannot be guaranteed. Instead, a complex wet finishing of the
individual yarns or rather braids is necessary, which afterwards braided to finished
ropes. This additional time- and money-consuming manufacturing step should be
avoided with the application of ultrasonic in the wet finishing of fibre ropes with
large diameters.

2 Problems with the Coating of Fibre Ropes
with Large Diameters

The complete penetration of the rope with the coating is an absolute necessity since
it not only meets wear protection but also fulfils other tasks such as hydrophobing
and UV protection. During the coating of fibre ropes with a large diameter with
conventional coating methods, only the outer regions of the cross-section can be
coated, but the core of the rope experiences only inadequate coating penetration.
This uncoated area is only inadequately protected against wear and tear in opera-
tion. At the inner section of the rope, more fibre-to-fibre friction is generated. The
resulting heat superimposes itself with other tribological effects and leads to an
accelerated degradation of the yarns and strands in the core of the rope. The deposit
of the rope is achieved earlier than it would be the case with an optimum application
of coating materials.

The reasons for the insufficient penetration of fibre ropes of large diameters are
due, among other things, to the viscosity of the coatings. By adapting the coating
formulas, the viscosity can be adjusted (use of Silica/Teflon oils). The structural
design of fibre ropes is also causing problems. If the cross-section gets larger, the
number of braids also climbs and with it the number of interspaces between these
braids. These only one hundred of a millimetre large structures work against
coatings with great surface tensions. At conventional water-based coatings, the high
surface tension of the water counteracts the complete penetration of the rope
structure. An additional effect encounters at the standard application for coating of
fibre ropes with large diameters, the continuous dip coating process. For this pur-
pose, fibre ropes are endlessly guided through the coating bath with high
throughput speeds to maintain high productivity. However, this causes the forma-
tion of flow effects on the surface of the rope, which cause an indirect propor-
tionality between the speed of penetration and the depth of penetration of the
coating solution.

These mentioned effects counteract the optimal penetration of fibre ropes with
large diameters (cf. Fig. 1).

Avoiding those effects can be achieved through opening the rope structure.
Therefore, the mechanical impact of ultrasonic waves on the rope material can be
used. The use of ultrasonic waves has different effects considering frequency and
other parameters, like acoustic pressure and the position of the acoustic maxima.
For example, causes the use of the typical frequency range for ultrasonic in
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mechanical applications (30–35 kHz) a cleaning effect on surfaces. The cleaning
effect on surfaces through ultrasonic waves should be used for the coating of fibre
ropes. Therefore, a higher range of frequency is used (40–140 kHz) to offset the
boundary surface effects and allow the coating even of the inner layers of the rope
cross-section.

2.1 State-of-the-Art for the Coating of Fibre Ropes
with Large Diameters

All efforts for the coating of fibre ropes with large diameters are facing the same
issue, as depicted in Sect. 2. In addition to the conventional dip coating process,
with its known compromise between optimal penetration and productivity, there are
some more approaches. The coating of the entire rope cross-section by means of an
annular slot nozzle or a suction beam is to be estimated as insufficient in the case of
the mentioned rope diameters. Both methods work with the buildup of a defined
excess pressure or vacuum right at the rope material. At diameters of 20 mm and
above, the surface condition causes variabilities from 1, 5 mm and more over the
whole cross-section. The sealing and therefore setup of the defined pressure milieu
cannot be guaranteed. In summary, it can be stated that, according to the current
state-of-the-art, there is no reliable method or technique by which an optimum
coating of fibre ropes of large diameters can be ensured. The common approach
comprises, in additional working steps, the coating of the individual strands before
they are intertwined into a rope. Even here, an optimum result is not guaranteed,
because the coating is rubbed off at the deflection points and the twisting passages.
This leads to local interruptions of the coating and subsequent potential wear in the

Fig. 1 Insufficient coating input into PES-rope (white core), diameter 20 mm
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finished rope. Moreover, this way of production leads to an increased process time.
This creates the problem that each strand (twisted strands in S- and Z-direction)
must be coated individually. Since technical ropes are usually braided from 8 to 12
strands, then two strands must be coated with 4–6 times the length of the final rope.
In addition, there is the considerable cleaning effort on the braiding machines with a
necessary change of parts (Figs. 2 and 3).

In summary, it can be announced that the known methods for the coating of fibre
ropes with large diameters do not offer sufficient potential in regard to the quality of
the coating, the productivity or rather cost-efficiency. With the use of ultrasonic,
integrated into the coating process of already produced ropes, these target conflicts
are to be avoided.

Fig. 2 Left side CAD-design for the ultrasonic dip coating bath, right side rope guiding system,
dip coating pan faded out

Fig. 3 Left side mixed rope made from PES-PP, right side pure PES-rope
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2.2 Ultrasonic Dip Coating

The aim of the research project is to establish the coating of fibre ropes with a large
diameter as an in-line process. This means that already processed ropes can be
coated with high productivity thus omitting additional processes such as the coating
of individual strands.

A conventional coating device, the immersion bath, was equipped with ultra-
sonic transducers as an approach to solving the problem of optimizing the coating
while simultaneously achieving the highest possible throughput or productivity. For
this purpose, a variant study was carried out in advance and finally, the variant was
selected with ultrasonic converters mounted outside on the pan on the sides. The
goal was to be able to utilize the existing MAGEBA RopeLiner thermosetting
system as much as possible while at the same time enabling a simple changeover
between the conventional and the ultrasonic immersion bath.

In essence, the system used consists of a generator unit (1000 W) considering
the bath volume, a stainless steel tank (35 l capacity) and the opposing ultrasonic
converters placed on the outside of the pan. These “banks” are connected in the
same way so that a standing wave can emerge in the immersion bath. The
arrangement of the oscillators is selected in such a way that the entire pan is used as
an oscillating body, and thus, the rope passed through interacts with the forming
ultrasonic waves during the duration of the immersion bath. An optimal effect of the
ultrasonic on the rope material is therefore achieved. The generator power can be
altered fully variable from 0 to 100%. For the first preliminary tests, the ultrasonic
transducers were operated with a fixed frequency of 40 kHz. With the help of
further fine-tuning and supplementation of a new generator unit, four additional
frequencies can be controlled (81/94/100/140 kHz).

3 Experimental Investigations

At the time of the experimental investigations carried out, the system was only
capable of mapping a frequency of 40 kHz. Nevertheless, this is to be regarded as
sufficient since the effect of ultrasound on fibre ropes is to be investigated.
Subsequent adjustments of the frequency are then to be evaluated for the opti-
mization of the coating performance. For the tests, the speed at the MAGEBA
RopeLiner plant was selected as high as possible for each experiment. This is
oriented close to the maximum speed of the plant in order to depict real operating
conditions with short dwell times of the rope material in the coating bath. The tank
was filled with the same water-based coating for each experiment and the tem-
perature of the solution and the level were continuously monitored during the tests.
The power of the generator was continuously increased by 20% steps per rope
section in order to be able to compare the different feed rates of the coating between
the different power levels.
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The feeding rate was determined by weighing the respective rope sections in
comparison with the zero sample, which means that the rope was coated without the
use of ultrasound (0% ultrasonic power) as well as the alignment with the uncoated
rope section.

Two different fibre strand constructions were examined for the investigations.
These are ropes with a diameter of 20 mm, a 12-stranded, twisted polyester rope
and a rope with a polyester core and polypropylene jacket in a 13 � 9 wire-lay
design. Particularly interesting is the PES/PP mixed rope. Due to its properties,
polypropylene has almost no water absorption and is therefore a particularly dif-
ficult case for coating with water-based dispersions.

4 Results of the Investigations

After the coating of the PES/PP mixing rope and the subsequent drying, the rope
sections were measured several times using a fine balance. In particular, the effects,
as already explained in Sect. 2, were observed for the coating results. The coating
input shows without the use of ultrasonic the expected minimum result. However,
with the use of ultrasonic, an improvement of the feeding rate is detectable.

The results for the mixed rope made from a polyester core and a polypropylene
jacket in a 13 � 9 wire-lay-design are shown in Table 1.

The manufacturer of the coating specifies a feeding rate of 6–10% in addition to
the weight of the polyester fibre. By comparing the results with the uncoated rope
section, no further improvement can be seen in comparison with the expected
coating input despite the use of the ultrasonic dip coating. Nevertheless, a mixed
rope with a polypropylene core is depicted here. This material tends to take on
almost no water and thus coating. Hence, an improvement in the coating take-up is
only possible in the 13-strand polyester jacket of the mixing rope. The core of the
rope, which only makes up about 60% of the mass of the complete rope mass, could
be coated close to the expected optimum, despite the parameters (large rope

Table 1 Results coating test with the PES-PP mixed rope

Power
ultrasonic [%]

Mass rope
sample [g]

Variation facing
sample zero [%]

Changes facing mass of the
uncoated rope [%]

Sample zero 782.5 – 6.02

20 808.6 3.23 9.05

40 796.6 1.77 7.68

60 812.1 3.64 9.44

80 799.1 2.08 7.97

100 797.9 1.93 7.83

Mass of the uncoated rope: 735,4 g
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diameter, high throughput speed) were not ideally held. Furthermore, it can be seen
that the best results in the coating performance apparently do not correlate with the
power input into the ultrasonic bath. The best results were achieved at 20 and 60%
ultrasonic performance, while the rest of the performance levels were similar for the
coating input. The temperature measurements carried out continuously during the
coating tests in the dip coating bath also indicate a temperature rise of the coating
solution, which, however, occurs to a lesser degree with regard to the power levels
20 and 60%. This means that in the case of the best coating results, also the smallest
amount of ultrasonic power in the form of heat has been released into the immersion
bath. Subsequently, the tests were carried out with the pure, twisted polyester rope.
Analogous to the manufacturer’s data, coating amounts of 6–10% are to be
expected in addition to the fibre weight. The results are shown in Table 2.

The tests with the pure polyester rope show a differentiated behaviour compared
to the experiments with the mixed rope. The expected coating input is slightly
below the conventional immersion bath. This is a proof to the difficult conditions
for the coating input with large rope diameters in combination with a high
throughput speed.

Furthermore, it can be seen that the use of ultrasonic provides only a small part
for improving the feeding rate as long as the power of the ultrasonic system is
down-regulated. The best results are shown here at 60 and 100% ultrasonic per-
formance, with a significant improvement only after the full power input in the
immersion bath. The improvement of the feeding rate versus the zero sample is
about 4.6%, which is a significant improvement in the coating results despite the
given system limits (ultrasonic frequency fixed at 40 kHz) and the difficult con-
ditions within the immersion bath.

The slight differences in the feeding rates are noticeable in the lower power
stages. The strong increase in the feeding rate at 100% ultrasonic power indicates
that the boundary surface effects which counteract the coating input can only be
overcome with this. The results of the feeding rate in the rope also coincide with the
temperature measurements of the immersion bath during the test run. An overview
of the temperature measurements taken during the test series is shown in Table 3.

Table 2 Results coating test pure PES-rope

Power
ultrasonic [%]

Mass rope
sample [g]

Variation facing
sample zero [%]

Changes facing mass of the
uncoated rope [%]

Null probe 1490.6 – 5.89

20 1492.5 0.13 6.01

40 1494.5 0.26 6.14

60 1504.5 0.92 6.76

80 1498.2 0.51 6.37

100 1562.2 4.58 10.20

Mass of the uncoated rope: 1402,8 g
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5 Conclusion

The tests carried out have proven the effectiveness of ultrasonic on the coating input
in fibre ropes. Despite the system limits, the test setup used for this purpose is
already capable of improving the feeding rate in fibre ropes of large diameters by
almost 5%. With an expansion of the frequency band further improvements can be
expected in the future. The aim is to achieve an optimized coating input for various
fibre strand constructions of large diameters with the aid of extensive series of tests
and thus to provide a future in-line capable system for cable coating systems.

Table 3 Temperature of the ultrasonic dip coating bath while the tests

Power
ultrasonic
[%]

Measured temperature dip coating bath
PES/PP mixed rope
[°C]

Measured temperature dip
coating bath PES-rope
[°C]

0 22.5 22.7

20 23.0 23.6

40 23.3 23.6

60 23.0 23.4

80 23.4 23.6

100 23.4 23.3
Highest feeding rate achieved
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Overlay Finishes and Coatings
for Improving Abrasion Resistance
in Braided Polyarylate Fiber Ropes

Loet Hoppe, Koen van Goethem, Hans-Gunter Kluczik,
Forrest Sloan, Jens Mammitzsch and Markus Michael

Abstract Polyarylate fibers are commonly used in rope making, in lightweight
structures, textile reinforced composites, and textile-based mechanical components
for technical applications. Due to higher demands on abrasion resistance of fiber
ropes in technical applications, such as hoisting and lifting applications, investi-
gations have been carried out to improve the abrasion resistance of braided fiber
ropes, made from polyarylate fibers Vectran™. Overlay finishes and coatings have
been applied on braided fiber ropes to investigate the influence of fiber finishes and
to investigate the influence of coatings and overlay finishes on the ropes’ properties.
Further, in a part of the rope samples, the fiber finish has been removed before
coating, in order to investigate the interactions between fiber finish and applied
coatings.

1 Introduction

Polyarylate fibers Vectran™1 are offering a unique property profile, including high
strength, high stiffness, good thermal resistance, low moisture absorption, and
minimal creep. Therefore, these fibers are applied in running and static fiber ropes,
such as mooring lines, lifting ropes in deep-water lifting, utility ropes, and robotic
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tethers. Due to the good thermal resistance, it is also applied in aircraft and aero-
nautic applications.

Over the years, there have been higher demands on strength and abrasion
resistance of fiber ropes, not only meaning the resistance to external abrasion but
also the resistance to internal fiber-fiber abrasion processes. In return, there is a high
interest in not increasing the diameters of the ropes, to keep the advances of using
thin and lightweight fiber ropes in technical applications. For the reasons mentioned
above, the fiber manufacturers invented several fiber types with different fiber
finishes, providing additional functional properties.

Still, for many applications, e.g., winch applications and other hoisting appli-
cations, the available fiber finishes still do not fully cover the customers’ demand
for more and more increasing lifetime of fiber ropes. This demand can also not be
fully covered by improving the textile structure, because there is a balance to be
found between optimal strength, optimal flexibility, optimal dimensional stability,
and optimal fatigue resistance, always considering the requirements of the intended
final application.

One approach for solving this is, to apply overlay finishes and coatings for
further reducing abrasive processes and thereby improving lifetime of Vectran™
ropes in technical applications with abrasive influences.

This paper is showing the influences of lubricating overlay finishes and
polyurethane-based coatings on a type of Vectran™ fibers, already containing a
lubricating fiber finish. Fiber ropes have been braided from these Vectran™ fibers,
coated with overlay finishes and mixtures of overlay finishes and coatings. Tensile
tests and hex bar abrasion tests have been performed to investigate the influence of
coatings and overlay finishes on the rope performance. For a part of the rope
samples, the fiber finish has been removed before applying overlay finishes and
coatings, to investigate the influence of the fiber finish and maybe occurring
interactions between fiber finish and additionally applied materials.

2 Materials Selection and Description of Samples

As a basis for the intended investigations and tests, a fiber type with lubricating
fiber finish was needed which is state of the art, easily available on the market and
commonly used in rope making. The fiber Vectran™ T97 has been chosen because
it is fulfilling all requirements. Table 1 is displaying basic tensile properties of
Vectran™ yarns.

The polyarylate fiber Vectran™ T97 is containing a fiber finish, based on sili-
cone oils. This fiber finish is, besides protecting the yarns during textile manu-
facturing (twisting, spooling, braiding), providing additional lubricating properties
for inhibiting internal abrasion in textile structures, and has been optimized for
being used in braided and laid fiber ropes.
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The fibers have been provided as yarns with a linear density of 1670 dtex (1500
den).2 For twisting strands, three of these yarns have been pre-twisted with a twist
rate of 20.2 TPM. For making the rope, six strands in S-twist and six strands in
Z-twist have been braided on 12-strand braiding machinery as a 1-on-2 braid with a
pitch length of 27 mm.

Since the braiding machinery does not contain a back twist device, the S-twisted
yarns have been placed on the S-bobbins, the Z-twisted yarns on the Z-bobbins, to
make sure that the strands are further up-twisted, not untwisted. This creates an
effective twist rate in the strands of approx. 57.24 TPM.

The final rope diameter is approx. 3.3 mm.
Following overlay finishes and coatings have been considered for the coating

tests:

ICO-LUBE 10

This overlay finish is based on waxes and silicone and is meant to be applied on the
fibers. It has been developed to prevent damage, caused by textile processing, and is
additionally improving the abrasion resistance of polyester, polyamide, polyarylate,
and high-modulus polyethylene fibers.

ICO-THANE 10

This coating is an aqueous polyester-based aliphatic polyurethane, providing
medium hard and flexible coating layers on polymer fibers. The polyurethane is
providing a low coefficient of friction compared to other polyurethanes and is
optimized for being applied to polyester, polyamide, polyarylate, and high-modulus
polyethylene fibers. Besides, with suitable additives, polyurethane layers are pro-
viding certain protection against UV radiation.

LAGO 45

This coating is a special synthetic binder with a polyurethane resin for the
impregnation of textile ropes, twines, and fishing nets made from HMPE. It is
providing a strong adhesive, self-repairing coating layer with high flexibility. It
showing a relatively high coefficient of friction.

For coating the ropes, following overlay finishes and coating mixtures have been
applied to the rope samples:

Table 1 Properties of the
polyarylate yarns according
to [1]

GPa g/den

Break strength 3.2 25.9

Initial modulus 75 600

Elongation at break [%] 3.8 __

2Linear density without fiber finish T97.
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• ICO-LUBE 10, undiluted
• ICO-LUBE 10, diluted with water; 1 part ICO-LUBE 10 to 5 parts water

(dilution 1:5)
• ICO-LUBE 10 (dilution 1:5) after which a coating of ICO-THANE 10 (dilution

1:2) was applied
• ICO-LUBE 10 (dilution 1:5) after which a coating of LAGO 45 (dilution 1:2)

was applied

One set of rope samples were washed before coating, to remove the fiber finish.
After removing the fiber finish, the ropes of this set of samples were coated with

ICO-LUBE 10 (dilution 1:5) + ICO-THANE 10 (dilution 1:2).
All coatings have been applied to the fiber ropes by dipping in an emersion bath.

3 Abrasion Tests

For determining the improvements in abrasion resistance, an abrasion test has been
performed. In this test setup, the rope sample is abraded over a hexagon steel bar,
made from stainless steel, with a width across flats of 6.05 mm, as can be seen in
the setup, displayed in Fig. 1. The outer diameter of the deflection sheaves is
80 mm, the diameter on the groove’s ground is 60 mm, the groove width is 5 mm.
The abrasion setup is based on ASTM D 6611, while the bottom deflection sheave
has been replaced by a hex bar.

The rope samples have been tensioned with a relative load of 0.15 cN/dtex. The
stroke length is 200 mm and the samples have been abraded over the hex bar at 66
cycles per minute. Four samples have been tested per parameter/coating setup. All
tests have been performed as dry tests (without influence of water) under standard
climate conditions.

The results of the abrasion tests are shown in Fig. 2. Data analysis and inter-
pretation has also been performed following ASTM D 6611.

As can be noticed in Fig. 2, the fiber finish of Vectran™ T97 is already pro-
viding an improved abrasion resistance and is increasing the lifetime in the abrasion
test by about 10%, compared to the fiber without finish.

When additionally adding the overlay finish ICO-LUBE 10, the abrasion
resistance is not further improved. In opposite, when adding the finish in undiluted
conditions, the abrasion resistance is decreasing, while diluting the finish in water at
a mixture of 1:5 and applying this dilution to the ropes, the abrasion resistance is
almost the same. Looking to this more detailed, it is found that the average of the
ICO-LUBE 10 is a little lower, but the variation is higher. This probably is an
indication for the fact that applying ICO-LUBE 10 by dipping is less consistent
than the method used by Kuraray. With a more consistent application method (e.g.,
kiss-roll), it is expected that the variation decreases and the average values go
up. Thus, the performance of the T97 finish is comparable to that of the ICO-LUBE
10. When the ICO-LUBE 10 is applied undiluted, then the abrasion performance is
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Fig. 1 Setup for abrasion tests

Fig. 2 Results of abrasion tests
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lower. This is probably because the film is too thick and is scraped off in the
abrasion causing uneven running and tension variations. Especially the higher
tension will cause the abrasion to accelerate. From this point of view, it can be
stated that applying an overlay finish on top of an existing fiber finish will not
automatically significantly improve performance. Second, it should always be
verified what the optimum amount of overlay finish is for a given design and
conditions of use.

After applying the overlay finish ICO-LUBE 10 and adding the polyurethane
coating ICO-THANE 10, the abrasion resistance is improved by 20%, for both,
washed and non-washed rope samples. The improved abrasion resistance of the
mixture, compared to the pure or diluted overlay finish, is due to the fact that the
lubricating overlay finish is creating a lubricating layer on top of the abrasion
resistant polyurethane coating layer on the fibers.

Analyzing the results of the rope coated with ICO-LUBE 10 and LAGO 45,
shows that LAGO 45 is also creating a decrease in abrasions resistance. This is
probably caused by the higher coefficient of friction of the rope coated with LAGO
45. Because of the higher friction, the abrasion is also higher for the same loading
conditions.

4 Summary

As a conclusion, it can be stated that the abrasion resistance of braided fiber ropes
can be improved by applying overlay finishes and coatings.

For optimal performance, a mixture of additional overlay finishes and
hard-flexible coatings with a low coefficient of friction seems to be the most
effective way of coating a Vectran™ fiber rope. In this case, it must be made sure
that the combination of overlay finish and coating is working effectively with the
selected fiber type and its fiber finish.

The fiber type Vectran™ T97 contains fiber finish at an amount of 5% per
weight of fiber. So, using a fiber type with a lower amount of applied fiber finish
(e.g., Vectran™ T150 or Vectran™ T117) could even further improve the abrasion
resistance after applying additional overlay finishes and coatings.

These topics need to be investigated and evaluated by application-oriented
testing of the intended final product (fiber type, rope design) under consideration of
the loads occurring in the real application and environmental influences, such as
temperature, humidity, and exposure to sunlight.

Reference
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Part III
Smart Textiles



Metal-Textile Hybrid Carrier Modules
with Integrated Functions Based
on Textile Sensors

Enrico Putzke, Andreas Müller and André Riedel

Abstract Based on the results of a research project it is described how material
selection and user friendly design improves the properties of metal-textile hybrid
carrier modules, in comparison to conventional carriers, and thus generate new
marketing approaches. By textile means processed nets and straps with metal
reinforcement structures form the starting point for these new variants of carrier
constructions. The textile inner layer has integrated sensors and application-oriented
coating. To prevent harmful environmental influences on the structure of the textile
construction, an additional outer layer can be installed. For the textile sensors, it
was necessary to capture the current state of the art, to transfer a preferred version in
a practical application.

1 Motivation and Overview of the Proposed Technological
Development

The project resulted from the demands to increase the efficiency and flexibility of
bulk storage and transport. Approximately 15% of all raw materials are bulk goods
and transported on road-based systems like trucks. On pages of the finished goods,
the value reduces to 3%. Therefore, on average, 9% of the total transport volume
arises to be bulk material [1]. A variety of analyzed textile silos, for bulk solid
applications, indicated the technical limit of conventionally used textile structures.
These must be overcome by new intelligent hoist or hybrid constructions. The
research work represents a novelty, in the construction of bulk handling silos, with
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the intended functional separation of the textile silo wall. By the separation of the
wall in a supportive, bulk receiving textile silo wall and a load-bearing,
high-strength belt structure, much larger bulk quantities can be stored in a textile
silo. For the outdoor use, a moisture-absorbing and UV-resistant shell should be
realized, preferably by a corresponding coating. Using modified textiles has been
taken into account by other projects as well: e.g., to develop a textile integrated,
intelligent sensor system for the detection of seat occupancy and seating position in
vehicles [2]. In the corresponding case, to achieve the implementation, different
concepts based on textile technology, have to be transferred on textile silos. This
includes, in addition to the type and design of sensor elements, the study of
placement opportunities within the textile structure (dots, linear …) during the
production process. The South Korean LG has recently presented a textile pressure
sensor that is flexible. The company is yet to commercialize the technology but said
that the sensor is superior to the present inflexible and stiff pressure sensors.
According to the company, the new pressure sensor is made from a flexible and
elastic polyurethane material that enables it to be integrated into other products
seamlessly. Furthermore, it is said that the sensor detects pressure across the whole
of its exterior rather than just specific points [3]. In early 2015, Teijin Limited
announced the development of a PLA and carbon-fiber-based piezoelectric fabric.
The fabric comprises a piezoelectric poly-L-lactic acid and carbon fiber electrode.
Plain, twill and satin weave versions were produced for different applications, e.g.,
plain weave detects bending, satin weave detects twisting, and twill weave detects
shear and three-dimensional motion. Whereas, the sensing function can detect
uninformed displacement or directional changes. So the function allows fabric to be
applied to the actuator or sensor to detect complicated movements [4]. According to
the present project approach, intelligent, connected sensors should be used.
Important parameters such as loading level, humidity, and temperature are mea-
sured. The sensors in the inner or outer hull structure and the structure of power
supply must be implemented depending on the parameters to be collected. Figure 1
shows a collectively simplified Schematic of the research approaches.

2 Research on Textile Load-Bearing Webbings

Different seam structures were developed, for the selected materials for
load-bearing net structure and the silo wall, which were suitable for the partial or
complete connection of respective elements. The refinement and implementation of
the sewing thread material ultimately determine the seam effectiveness, as well as
the type and the cross section of the needle does so. In addition, the joints of the
load-absorbing webbing nets were investigated on tensile strength and elongation.
Depending on the design and optimization of different belts, the seam edge or the
seam itself tend to be the breaking point. A further focus was set in the testing and
evaluation of coating functionality to resist abrasive stress, by the testing of
surface-coated textiles. In the project, this aspect was especially important to
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identify a suitable range of materials whose performance, in the flexible system,
stays long enough to be later discharged on regular reversion cycles. It was assessed
to maintain the compatibility with existing logistics systems. Therefore, for the
overall concept, it was noted that the outer dimensions of conventional carriers will
have to be maintained anyway. In addition to standard rupture and cycle tests, it
was necessary to identify a test scenario closer to that of the strain in the demon-
strator applications, which is displayed in Fig. 2. The results of the tensile tests
show that with straight-vertical force, the breaking load of the network structure can
be scaled linearly with the number of belts used. A deviation of the strength resulted
in only 10%. It should be noted that the cross straps and its seams have only minor
impact on the breaking strength. In addition, the resistance of the materials was
tested by Xenon and long-term climate tests. These tests showed that the strength
decreases rapidly, due to the weathering, which must be considered as a factor in
the interpretation of the tensile strength of used net structures.

Later on “close to end” applications, preliminary attempts were carried out, to
test the properties of the rather complex textile structure. This was done by using a
1.5 � 1.5 � 2 m bag filled with sand and exposed to a set of everyday driving
situations on a truck (comp. Fig. 3). The road test was recorded from four different
camera angles and analyzed later. It turned out that at normal speed (city, highway)
the hybrid bag and textile unit quietly behaved as predicted. Only in extreme
situations, it comes to more significant movements, e.g., when a sudden stop from
40 km/h was carried out. The bag waved off considerably (comp. Fig. 4). This

Fig. 1 Abstractive model of
a mobile, textile greater bulk
solids silos
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situation describes a borderline case, which should not occur in the industrial
application by the planned crosswise fixation of the textile structure. The brake test
rather served a first validation of the seam and belt strength in dynamic user
environments.

The driving tests lead to a better understanding of the behavior, of the bulk,
during the transport process. For the material wear conception, the available test
benches at the research facility have been taken into account and evaluated for
suitableness. Only unsatisfactory results were obtained for the determination of the
application-oriented wear of textiles, by using common methods. Based on DIN
295-3 [5] (“stoneware pipe systems part 3: test methods for sewers and channels”) a
modified test bench got developed, which now allows testing of (textile)
semi-finished products with different abrasive materials (comp. Fig. 5). In the
described test, different textiles with and without coatings have been tested on their
abrasion resistance. In initial trials, different bulk materials like wheat, plastic
scratch, screws, and cutting pieces of steel were used. For wheat, the abrasive effect
is quite low and the test periods must be long until a visible effect can be recog-
nized. The tilting angle during the tests was 32 ° in both directions and 10 cycles
per minute. Within a cycle, the bulk material laid back 1.9 m. The tensile strength
of the textiles, in consequence of the stress in the test setup with metal scrap lead to
a reduction to 15% of the tensile strength of the output value. Wheat drops the value

Fig. 2 Tensile tests on two network segments
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Fig. 4 Sample silo during test drive, sudden breaking of the truck

Fig. 3 Preparation test drive with camera technology
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to only 65%. Both numbers refer to 100.000 cycles. The number of 100.000 cycles
is taken from the DIN of 295-3 and is considered a first clue for the testing of textile
with the novel tipping gutter tester.

3 Review of Production Sequences, as Well as the Metallic
Construction

The design of application-specific systems resulted in several solutions or variants.
A first demonstrator, a Multicar container (according to DIN 30735 [6]) (comp. Figs. 6
and 7), was used for this verification. As one result, the hybrid construction allowed a
reduction of Tara weight to 190 kg, which is equivalent to a weight saving of 20%. This
demonstrator was designed specifically for the garden care or public service. The mesh
of the textile webbing has a lower breaking load, the structure is close-meshed, a third
outer layer was not necessary and the inner bag has a highly resistant PU coating.
Moreover, a roll-off container according to DIN 30722 [7] with three single hanging
sacks, including frame, was designed and implemented too. With this system, it is
possible to carry three different conveying goods, which increases the utilization and
productivity in logistics. Different textiles can be implemented to respond to the
respective bulk goods. Also, these containers can be extended by sensors.

Fig. 5 Test bench with enclosure
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Fig. 7 Hybrid multicar container

Fig. 6 FEM calculation—shift

4 Development of Measuring and Data Transmission
Concept

In this section, the electronic wise material and component selection was the main
part. Right from the beginning, it can already be stated that hardly any real com-
ponents as textile sensors were available at that time. This was not clear at the
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beginning of the project from the information of the state of the art. Anyway, first
smaller segments, of the larger textile construction, were equipped with chip-based
sensors and fitted to the textile by embroidery technology, including data and
energy supply. In this way, it was possible to demonstrate the basic functions like
temperature, humidity, and load detection (comp. Fig. 8). The determined textile/
measurement configurations can be used for the demonstration, of the project
approach, e.g., in the field of agriculture and recycling.

In the course of the project, different types of sensors were taken into account.
The need oriented assessment revealed a limited selection of important products by
parameters and from user point of view, thus sensor types for the measurement
concept were selected. These included pressure, temperature, humidity, air pressure,
GPS, and motion sensors. For operating and reading the sensors data microcon-
trollers have been used, because of the small energy they require, the space-saving
and the low-costs. As unit controller served, on the one hand, the Linux-based
Raspberry Pi and on the other hand Arduino-based microcontrollers. Arduino is a
physical computing platform consisting of soft- and hardware and it is open source.
The hardware consists of a simple Board with a microcontroller and analog and
digital inputs and outputs. It is programmed in C or C++. By connecting the
microcontroller with the individual sensors, the data can be read and can be pro-
cessed further. The sensors and data transmission technology was attached to the
mobile and stationary new silos. When speaking of the mobile type, a sufficient
supply of power posed a problem. The required energy increases with shorter
reading and transmission intervals. To counter the problem, photovoltaic modules
have been installed together with a battery pack. Displaying media and measuring
graphs on the stationary silo application were done by using a 3.5″ LCD screen.
The mobile version was equipped with a GSM module to transfer data over the
cellular network to a server. From there on, they were stored and available via an
Internet site (comp. Fig. 9). An advantage of this Internet-based method is that

Fig. 8 Textile segments with integrated sensors and PC system
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unlike an app-based application, users do not dependent on Android or OS devices.
In Fig. 10 the used sensors, microcontroller and other components for both, static
and mobile, silo units are shown.

5 Continuous Testing Under Practical Conditions

Together with the project partners, the stationary silo variant got tested on functionality
and durability. In a trial, the prototype got filled and charged for weeks with the bulk
material, as a static test. Then the elongation of the silo got measured, which amounted
to almost zero. Due to the high-strength belt structure, the system can absorb very high
forces. The same demonstrator got equipped with a conveyor system and sensor tech-
nology (comp. Fig. 11). A spiral pump was used, which continuously transported the
goods (wheat). The tests showed an undisturbed operation of the conveyor. A further
advantaged could be proved due to the close-meshed structures, which lead to no bulges,
stretching, or wrinkling (comp. Fig. 12). These things regularly occur when using
conventional textile silos and big bags. The integrated sensor technologies also worked
trouble-free and via a special Web address the current temperature, humidity, and fill

Fig. 9 Screenshot website live stats
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level was always available. In detail, the used sensors were the following: DHT22
temperature and humidity sensor, HC-SR04 ultrasonic sensors for determining the filling
level and pressure sensors SF9375. The pressure sensors served as additional level
points. When the pressure, caused by the bulk material, reached a certain level a signal is
created and thus indicated whether the silo is empty (lower pressure sensor) or filled
(upper-pressure sensor). In the operative phase, performance limits were determined. At
the bottom of the silo, a metal outlet had to be installed to ensure the connection of the
spiral conveyor. For bigger structures and silos it is advisable to form the lower part
completely of steel sheets. The sensor system has been particularly discharged when
attempting to measure in circulation mode. Through the above-mentioned core flow of
loose material, the free-hanging temperature and pressure sensor got torn off by the bulk
material. The forces were too large for the reinforced signal cable. In the future, the
signal cable should be supported through appropriate food chains (plastic/stainless steel)
or moved to the periphery of the silo.

6 Conclusion and Prediction

Until the end of the project, several prototypes were used for field tests, which were
designed differently and examined during the test procedure regarding functionality
and optimization for the application. These applications included hybrid silo con-
structions for driving tests under load, skip container for multicar vehicles, roll-off
container for trucks (comp. Fig. 13), and stationary silos as well. The evaluations of
the tests lead to no striking findings in the filling and emptying operations in the

Fig. 10 Used sensors and microcontrollers
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textile system. When emptying the textile silo it behaves analogous to conventional
silos. The construction of intermediate bulk containers is focused on the modularity
and compatibility with existing systems. Particularly in the area of handling smaller
batches, a benefit can be achieved with such a scalable system. Concerning
transport capacities, it can be used to store the bulk material in the same transport
rack and connected it to the internal material logistics. By marketing activities of
the project partners, the exact needs of the targeted market segments must now be
examined more closely. In case of agriculture, it can be stated that the trend toward
more specific methods of cultivation and seldom types of grains has become a topic.
The rather unsatisfying integration of real textile sensors will be addressed with
further development with the mobile version of the silo. With new collaborations,
which emerged in first successfully, in-belt load sensors will be tested
(comp. Fig. 14).

Fig. 11 Schematic setup
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Fig. 12 Experimental setup onsite mill

Fig. 13 Modular, mobile silos on truck
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4D Textiles: Hybrid Textile Structures
that Can Change Structural Form
with Time by 3D Printing

David Schmelzeisen, Hannah Koch, Chris Pastore and Thomas Gries

Abstract Additive manufacturing combined with highly elastic, extensible textile
materials provides the opportunity to explore a new range of materials: 4D textiles.
The name is derived from “4D Printing”, a combination of 3D printing and a time
change element, providing the fourth dimension. In the case of 4D textiles, the time
response is necessary, but also the textile material provides a crucial role in
responding to external stimuli. Whereas 4D printing is currently limited to very small
deformations and very slow changes in time, 4D textiles offer the opportunity to
increase deformation and response time. This paper covers the concepts of 4D
printing, achievements in 3D printing, and the concept of 4D textiles. The role of
materials, critical process parameters, critical textile processes, and potential appli-
cation areas are presented. Strengths and weaknesses of 4D textiles are discussed.

1 Introduction

There has been rapid growth in research regarding 3D printing in recent years
driven by the low cost and material efficiency of the technology. Combining 3D
printing and textile materials is still a relatively new research area [1–3]. It is a
growth area that offers the promise of “4D Textiles”—hybrid textile/3D-printed
structures that can change structural form with time [4]. There is a need to develop a
deeper understanding of the textile–polymer interface in this process.
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4D printing has been described by Ge et al. [5] as

…active materials, such as shape memory polymers, can be printed to create an active
microstructure within a solid. These active materials can subsequently be activated in a
controlled manner to change the shape or configuration of the solid in response to an
environmental stimulus. This has been termed 4D printing, with the 4th dimension being
the time-dependent shape change after the printing.

This concept has been extended to 4D textiles [4]. Utilizing pre-stretched
hyperelastic textiles as energy storage, the effect of 4D printed objects can be
multiplied.

Work in the areas of 4D printing and 4D textiles has led to an investigation of
methods to combine the concepts. 4D printing has been typified by the use of shape
memory polymers (SMP) [5–7] for example. While printing, the polymer “re-
members” the shape in which it was deposited. It can later be plastically deformed
to a different shape. When exposed to heat above its transition temperature, the
polymer attempts to return to the learned shape.

4D textiles explore the interaction of elastic textiles and 3D printing, wherein the
textile is pre-stretched prior to printing, and after the printing is complete, the fabric
strain causes curvature in the assembly [3, 8, 9] for example.

The underlying concept behind these hybrid material systems is to store energy
in the textile material prior to printing and then release that energy to affected form
and function of the hybrid system. Typically, knitted fabrics that contain elastic
material are used due to the high elastic strain available and sufficient recovery
force. The material should be highly deformable but still maintain a reasonable
tensile modulus. After printing, the stored energy is released which leads to a
structural change in the system, generally changing form from a 2D-printed
structure to a 3D-curved structure. When properly designed, it is possible to make a
3D structure that is metastable, and thus able to assume two or more different stable
structural forms that can be switched back and forth with nominal energy applied.

The behavior of this system depends, amongst other things, on the adhesion
between the textile and the printed polymer. Not only does this dictate the static
strength of the system but is also key to future studies around durability and
reliability as the structure undergoes multiple transitions from one metastable state
to another.

There is some existing work on the adhesion strength between the fabric and the
printed polymer. Studies have explored the effect of polymer temperature and print
speed on the adhesion [2, 10]. However, a detailed exploration of the adhesion
between the textile and polymer has not been achieved to date.
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2 4D Technology

In 2013, Skylar Tibbits defined 4D printing as 3D printing with time as an added
fourth dimension [11]. According to Pei in 2014 [12], “4D printing is a process that
creates multi-material prints with the ability to transform over time or special
material systems that can change shape. Today, due to the constant development of
the technology, 4D printing is defined as a targeted modification of 3D printed
structures with regard to form, properties, or functionality.”

Some of the properties that can be considered as changing with time (the 4th
dimension) are stiffness, permeability, color, and degree of water absorbency [13].
Over time, changes may take place in the other dimensions, e.g., color or space.
These changes are caused by stimuli [7, 13, 14] as illustrated in Fig. 1. Moisture,
light, and warmth, as well as combinations of all three, can be considered stimuli.
Sound, UV radiation, and microwaves, in addition to chemical, electrical, and
mechanical forces, are further stimuli that may activate a system [7]. The resulting
structure is able to achieve self-assembly, multifunctionality, and self-repair [13].

3 3D Printing on Textile

Textile materials can be integrated into 3D printing with various forms and func-
tions as illustrated schematically in Fig. 2. As functional fibers, they are integrated
into composite print materials which can achieve shape memory effects [15, 16].
They can be used as a textile surface or to reinforce a thin layer of plastic.
Conversely, instead of a fully printed plastic surface, an expansion of the structure
can be made possible in the layer [2]. As a functional textile material, the fabric can
be used to store or transmit energy to the printed polymer.

Stimuli

UV

Humidity

Waves

Sound

Electrical

Mechanical

Temperature

Chemical

Fig. 1 Stimuli that can
activate the change over time
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With respect to 3D printing using textiles, the setup and procedure do not differ
from traditional 3D printing procedures. The literature only describes the fused
deposition modeling (FDM) method for 3D printing on textiles. Possible reasons
for this are the UV sensitivity of the textile, which is relevant for multi-jet mod-
eling, the variety of materials that can be used in the FDM method, and the lack of
possibility to incorporate the textile in other processes in a targeted manner [2].

Pei et al., Rivera et al., and Grimmelsmann et al. conducted and described 3D
printing experiments on textiles [2, 17, 18]. Some examples of successful printed
textiles are shown in Fig. 3.

Within the scope of our experiments, we have integrated the spatial expansion
dimension into 3D printing on textile process. The change in the spatial extent takes
place once after the manufacturing process. The structures are printed
two-dimensionally on a pre-stressed textile. Upon completion of the printing pro-
cess and the removal of the pre-stress, the hybrid structure changes its extent in the

(a)

(c) (d)

(b)

Fig. 2 Schematic illustration of uses of textile (yellow) and 3D printing (blue): a composite print
material, fibers in the polymer filament, b layered reinforcement, c polymer partially printed on
textile, and d Polymer partially printed on textile. Textile used as a spring to store or transmit
energy

Fig. 3 Published examples of 3D printing on textiles: a auxetic print [18], b braille print [2], and
c grommets [17]
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x, y, and z directions. This makes it possible to produce complex three-dimensional
structures in one manufacturing step. The structures were developed following the
concepts from architecture, metamaterials and bionics. Some of these structures are
shown in Fig. 4. In Fig. 4, the textile is a polyester/Lycra jersey knit (yellow color).
The filament is a thermoplastic elastomer (TPU) (blue color, in Fig. 4a, c) or a
polylactic (PLA) (white color, in Fig. 4b).

3.1 Materials

To realize successful 3D printing on textile, a variety of thermoplastics suitable for
3D printing can be used. The materials to be used depend on the printer and the
textile substrate. The molten polymer must not be so hot as it damages the textile.
Pei et al. described the use of PLA, nylon, and acrylonitrile butadiene styrene
(ABS) [2] as print materials. The best adhesion reported was with PLA. When
combined with a textile made of PLA yarn, the level of adhesion increased further.

Textiles, such as knitted fabrics, woven fabrics braided fabrics, and nonwovens,
can be used as the substrate. For adhesion between fabric and polymer, it is nec-
essary to have sufficient porosity—too little and the polymer simply forms a film on

Fig. 4 3D-printed textile hybrid structures: a models based on bionics, b models based on the
concept of metamaterials, and c models based on architecture
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the surface—too much, and there is little textile in the final product. Fabric with
variable porosity which can be controlled through pre-tensioning, such as knits,
make them quite suitable for use.

3.2 Procedure

When 3D printing on textiles using the FDM method, the plastic is extruded onto
and into the textile through the printer nozzle as shown both schematically and
photographically in Fig. 5. The mechanical connection between the printed plastic
and the textile to be printed on is created by the infiltration of the molten polymer
around the fabric threads and the subsequent hardening of the plastic when it cools
[2, 3]. A photomicrograph showing the infiltration of polymer through a knitted
fabric is presented in Fig. 6.

There may also be a chemical bond between the textile fiber and the printed
polymer, depending on the particular materials used and the surface treatments on
the fabric. Because of the relatively high viscosity of the molten thermoplastic and
the surface tension, a sufficiently high porosity of the textile is necessary [9]. High
porosity can be either a fundamental textile characteristic or achieved by
pre-straining the textile. According to Riviera et al., the textile can be treated as a
further layer in the FDM process [17]. Two important factors in 3D printing on
textiles are as follows: first, the adhesion of the plastic to the textile and second, the
stability of the textile during the process.

According to Riviera et al., the first can be ensured by selecting suitable
materials. Nevertheless, the adhesion between thermoplastic printed material and
textile fabric need deeper understanding. Especially, the influence of textile
parameters on micro- and meso-scale (such as surface tension, roughness, shape of
the fiber, twist, hairiness of yarn, pore geometry, elasticity, and topography of the
fabric) has to be questioned in detail. Furthermore, the influence of the process
parameters of FDM printing (temperature of heatbed and nozzle, flow rate,

(a) (b)

Fig. 5 3D printing on textile process: a Schematic sketch of 3D printing on textile process and
b 3D print on textile
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production speed and distance between nozzle and textile, etc.) has to be analyzed.
To ensure comparable data, standardized testing procedures have to be developed.
Based on experimental data, models can be derived leading to a better under-
standing of the influence of textile and process parameters on adhesion and
mechanical properties of the hybrid material 4D textile.

4 4D Textile

Based on the definition of 4D structures, the term 4D textiles comprises textiles that
change shape and functions over time [2]. 4D textiles can be realized using various
approaches. One approach that has become increasingly popular in the last few
years is the use of shape memory materials in textiles. In this context, the shape
change of textile structures due to an external stimulus has already shown great
potential [19]. For example, shape memory materials can be incorporated via
weaving, stitching, or braiding. In the past, various studies have been conducted on
this topic [19].

Another approach to creating textiles with form and function change is 3d
printing onto pre-strained textiles, wherein the textile acts as an energy storage
device. These 4D textiles are hybrid materials of fabric and printed polymer.

The group of Schmelzeisen et al. at the Institut für Textiltechnik (ITA) of RTWH
Aachen University focus on the approach to utilize 3D printing on textile to develop
microstructures that change mechanical properties over time. This approach com-
bines the flexibility of the 3D printing process in regard to materials, process, and
size with pre-stretched hyperelastic textiles as energy storage. The effect of
4D-printed objects can be multiplied. Some examples are shown in Fig. 7.

Fig. 6 Polymer infiltrated
knitted textile after 3D
printing process. This shows
the back of fabric where the
polymer can be seen having
penetrated the pores of the
knit structure
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4.1 Materials

The material requirements for 4D textiles are very similar to those for any hybrid
textile/3d printing process, as described in Sect. 3 above. There is benefit to making
the distinction between basic and functional materials in this context. Basic
materials cannot, by themselves, effect an autonomous change over time.
Functional materials can effect an autonomous change over time due to their
properties.

We have discussed the use of shape memory materials in 4D structures, and
these can be functional materials as the printed polymer or incorporated into the
textile itself.

The fabric can be a functional material as well, especially if the goal is mechanical
energy storage and release. In this regard, knitted fabrics are attractive because of the
high strain to failure, allowing the ability to store significant strain energy, and also
providing a desirable pore geometry. Knits are usually anisotropic, and this aniso-
tropy can be precisely adjusted during the textile manufacturing processes. This
enables us to set up the change over time partially in the textile itself.

Due to their structure, knits also exhibit extensibility and elastic recovery. The
expansion behavior depends on the structure and the material. The material
dependency of the expansion is identical in the course and wale directions. The
structural expansion depends on the bond. By using material combinations, highly
extensible knits with a high level of restoring force can be manufactured. Most
commonly some elastic element is used in the knit, such as Spandex to provide the
recovery force. Such knits are very suitable for use as substrates for 4D textiles.

Fig. 7 4D textile; stimulus: heat [20]
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4.2 Stimuli

In general, the stimuli can be used that also effect change over time in traditional 4D
printing. However, the interactions with the textile must be considered separately.

4.3 Applications

4D structures have great potential in the field of medical products, soft robotics,
architecture, automotive, sports and clothing, and more. The advantages are the
high customization and functional adjustment.

4D textiles are used in size-changing objects, pressure-sensitive components
[17], sound-absorbing textiles [21], and adaptive footwear [22] as shown in Fig. 8.
3D printing on textile is used, for example, to produce jewelry [17] handbags and
clothing with integrated Braille [2] as shown in Fig. 3.

4.4 Design Approach

The development of 4D structures is material-driven. To fit the customers’ needs, its
design should be user-centric. It is therefore practical to combine user-centered
design methods with the classical design methodology, according to Pahl and Beitz
[23].

The proposed method is divided into three phases, which are taken from the
methodology Design Thinking: the Understand, Create, and Deliver phase.
During the Understand phase, the 4D potential for an application is determined and
the task is formulated. In the Create phase, material-based and practical solution
(prototyping) for the problem is searched. In the Deliver phase, a selection of the
material and the definition of the descriptive quantities are chosen. The design

Fig. 8 4D applications: a Adaptive Shoe [22] and b Sound-absorbing Panel [21]
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process is characterized by diverging the space of possibilities and converging to a
decision point (Fig. 9).

Understand: By applying methods such as SWOT, interviews, collages, and
problem definition, the actual needs and/or parameters of the situation that will be
designed for can be identified in the understand phase and merged into a task to be
solved. In order to meet the specific development of 4D textiles, the change of
properties over time should be addressed. For this reason, methods are developed
that are specifically designed for the application in the 4D textile sector.

Create: The foundations for the development of products are the four building
blocks: function, material, process, and form. In the material-based product
development, the limits of the achievable functionality lie in the properties of the
material. During the development process, an attempt is made to make full use of
the properties of the material and to realize the combination with known material
[24]. The Create phase, which follows the Understand phase, is therefore charac-
terized by a material exploration. In particular, the analogy technique is helpful. The
material can be understood from many material prototypes. Using the prototype–
user interaction, the interaction of material and users can be observed and con-
clusions can be drawn for further development.

Deliver: In the third phase, the Deliver phase, a parameter analysis follows in
order to bring the developed material and its application to the stage of product
maturity. Particular consideration must be given to the following parameters:
dimension, kinetic, effective area, effect, and effect height. The final product is
created with the help of optimal material selection. Further tests and an evaluation
phase follow.

Understand

Brainstorm
SWOT
Interview

2compare

Problem definition
Request list
Conditions

Collage
Problem finding

Method Adopt-Adapt
Analogy

Material Behavior
Prototypes

Prototype - User Interaction

Observation

User Experience
Material
Acceptance

Outcome

Parameter
Analysis

Investigation
Material
Stimuli

Test
Evaluation

Practice

Create Deliver

Kinetic
Parameter
Dimension
Effect

Task Knowledge

Problem-Space-Exploration Solution-Space-Exploration

Material Driven

Fig. 9 Design approach by Schmelzeisen et al.
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5 Conclusions

As discussed above, textiles have favorable properties that make them attractive for
use in combination with 3D printing. Textiles can be folded, twisted, deformed, and
cut. Many textiles can be stretched. The necessary properties can be precisely
adjusted during production of the textile. Textiles can be trimmed, which has no
effect on their previous properties. The combination makes it possible to manu-
facture stiff structures with embedded flexible structures or flexible structures with
additional functions [17]. Their extensibility and flexibility differentiate textiles
from paper as a surface material. Therefore, textiles can be used to store and
transmit energy. According to Riviera et al., the expansion of the printable area is
seen as an advantage of the use of textiles as a basis in the 3D printing process.
After one printing section has been completed, the textile substrate can be moved
and printed on again in another area. In this way, the otherwise limiting size of the
printer’s build area can be circumvented. Using textiles, large blank spaces can be
bridged during printing [17].

Savings in printing time and material are advantages of 3D printing on textiles.
Surfaces otherwise created with printed plastic can be replaced by textiles. In this
case, the textile has been manufactured in the previous step.

There are known methods for precisely stiffening specific parts of textiles. These
methods typically require a great deal of work for alignment and location. Using 3D
printing on textiles, the level of stiffening can be customized and realized with less
effort [17].

For apparel applications, textiles have the advantages of high comfort and
wearability. These factors can be adjusted via the surface characteristics of the
textile.

However, the benefits of textiles can also lead to negative effects and particular
difficulties in 3D printing on textiles as summarized in Tables 1 and 2. Tensions
and displacements in the stitch structure can be caused by the relative movement of
the printer nozzle and textile on the build plate [17]. High-viscosity polymers
require additional pressure to penetrate the textile [2]. These printing parameters
have already been discussed in the previous publications. The selection of suitable
parameters for the textile, for example, with regard to stitch width and fiber fine-
ness, has not been sufficiently discussed to date.

Table 1 Potentials and
deficits of 4D printing

Potentials Deficiencies

+ Design freedom
+ Functional adjustment
+ Saving of production
steps

+ Simplified logistics
+ Material savings

- Low productivity
- Limited print area
- Material understanding
- Effect height
- Choice of production
method
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Functional Nanofiber Mats for Medical
and Biotechnological Applications

Robin Böttjer, Timo Grothe and Andrea Ehrmann

Abstract Nanofiber mats from different polymers, possibly blended with other
organic or inorganic components, can be created by the electrospinning technology.
Such nanofiber mats possess large surface–volume ratios in comparison with other
textile fabrics, such as common nonwovens. This property enables enhanced
interactions with their environment, making them suitable for applications in wound
dressing, drug delivery, biotechnological filter technology, etc., especially if pre-
pared from biopolymers with intrinsically antimicrobial or other qualities. In a
recent project, we investigate the possibilities to create such nanofiber mats from
diverse (bio-) polymers by “green” electrospinning, i.e., electrospinning from
aqueous solutions or other nontoxic solvents. The article gives an overview of the
latest results from needleless electrospinning pure polymers and polymer blends as
well as typical physical and chemical properties of the created nanofiber mats,
especially for medical and biotechnological purposes, and shows diverse possibil-
ities to crosslink water-soluble biopolymer nanofiber mats.

1 Introduction

Electrospinning belongs to the primary spinning processes, resulting in fibers with
diameters usually in the range between 100 nm and 1 µm. It can be performed
using a syringe through which polymer melt or solution is pressed and afterward
dragged by a high electric field to a substrate. Alternatively, in the so-called
needleless electrospinning, the polymer melt or solution is coated on a rotating
drum or on a wire on which a high voltage is applied, so that the polymer is drawn
to the counter electrode and thus placed in form of a nanofiber mat on the substrate
between both electrodes.

In this way, continuous nanofibers or nanofiber mats can be created with rela-
tively small equipment, opposite to common primary spinning technologies [1–5].
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Their large inner surfaces allow for using them as medical wound dressings [6],
catalyzers [7], filter materials [8–10], cell growth [11–13], etc.

Nanofiber mats can be spun from diverse polymers. On the one hand,
water-insoluble materials, such as PA6 (polyamide 6) or PAN (poly(acrylonitrile)),
can be dissolved for spinning them solely or blended with other materials [14, 15].
On the other hand, diverse biopolymers are spinnable from aqueous solutions.
Several biopolymers show special intrinsic properties making them suitable for
diverse applications. Chitosan, e.g., is hemostatic and thus often used for medical
purposes [16]. Its ability to remove heavy metals or organo-chemical components
from watery solutions makes it also suitable as a bioactive filter material [17]. Aloe
vera nanofiber mats also support wound healing [18, 19] and show antiseptic
properties [20]. Alginate, on the other hand, can absorb large amounts of wound
fluid and thus supports drying of bleeding wounds [21]. Hyaluronic acid is also
used for wound dressing of deep second-degree burns [22] and in combination with
poly(lactic-co-glycolic acid) as a scaffold for skin regeneration [23].

Keratin, e.g., was electrospun with gelatin for the application in skin wound
repair [24]. Pure keratin nanofibers electrospun on titanium surfaces were shown to
support fibroblast alignment without increasing the adhesion of bacteria [25].
Co-spun with PEG (poly(ethylene glycol)), keratin was tested for application in air
filtration [26].

Denatured whole-chain marine collagen was electrospun with different equip-
ments to upscale this process to commercial scale [27]. Collagen hydrolysate was
electrospun using different methods and found suitable for medicine and health
applications [28]. Blends of collagen with poly(lactic acid) were even tested for
mimicking the fascicles of a human tendon [29].

While these materials have been investigated deeply by several research groups,
reports about the morphologies of nanofiber mats electrospun from some other
biopolymers as well as crosslinking such water-soluble materials are still scarce in
the literature. Dextran, e.g., was co-electrospun with PVP for drug delivery
applications [30]. Combined with poly (2-vinyl-N-pyrrolidone)/octadecyl amine-
montmorillonite, dextran was investigated for biomedical and electrochemical
applications [31]. Co-spun with polyurethane, dextran can also be used for drug
delivery [32].

Poloxamer, formerly known as Lutrol (poly(oxyethylene-b-oxypropylene-b-
oxyethylene)), was also used for drug delivery in combination with poly
(epsilon-caprolactone) [33]. Co-spun with poly(epsilon-caprolactone-co-lactide),
poloxamer was examined for skin tissue engineering [34] and wound healing [35].

For most applications, the challenge of stabilizing these water-soluble materials
after electrospinning remains. This is why this article shows not only results of
electrospinning some pure and blended biopolymers but also tests to increase water
stability of the resulting nanofiber mats.
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2 Experimental

Electrospinning was performed using the needleless electrospinning machine
Nanospider Lab from Elmarco (Czech Republic).

The following chemicals were used for electrospinning:

• Dextran 500 for biochemistry, 500,000 kDa (Carl Roth GmbH + Co. KG,
Karlsruhe/Germany);

• Poloxamer “lutrol F 68”, 7680-9510 Da, 2 � 40% hydrophilic parts (BASF,
Germany);

• Keratin 2000 Da (alexmo cosmetics, Weyhe/Germany), 30% in aqueous
solution;

• Collagen (alexmo cosmetics, Weyhe/Germany), 1% in aqueous solution;
• Polyacrylonitrile;
• Poly(ethylene glycol), 600 kDa (S3 Chemicals, Bad Oeynhausen, Germany),

8% in aqueous solution; and
• Pentaerythritol tetraacrylate (PETRA) (Carl Roth GmbH + Co. KG, Karlsruhe/

Germany).

For investigation of the nanofiber mat morphologies, a confocal laser scanning
microscope (CLSM) VK-9000 (Keyence) with a nominal magnification of
2000 � was used.

3 Results and Discussion

In the first test series, keratin was co-spun with PEG in different ratios (the numbers
specify the ratio of the aqueous solutions, as described in the Experimental section).
Figure 1 depicts the results. While for a ratio of 50:50, a membrane is built rather
than nanofibers, increasing the keratin content results in more and more fibers being
created. However, even for a ratio of 90% keratin and 10% PEG, no single
nanofibers are visible. Instead, a matrix from relatively thick, connected fibers with
irregular holes between them is formed. This behavior is opposite to other blends
with PEG—usually, PEG strongly supports fiber formation, and relatively high
PEG contents can be blended with several biopolymers without significant changes
of the mat morphologies. For pure keratin, however, no electrospinning occurred
at all.

Although this result shows that blending keratin with PEG does not lead to
nanofiber mats, the resulting structures are nevertheless interesting as a different
morphology for cell growth examinations or filter applications and will be exam-
ined more in detail in the near future.
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In Fig. 2, the equivalent test series mixing collagen and PEG is depicted. Here,
for a ratio of 50:50 or 60:40, the mat morphology is approximately identical with
typical PEG nanofiber mats. Increasing the collagen content results in some
membrane-like areas, until for a ratio of 90:10, large holes in the nanofiber mat
become visible.

In the next experiments, different possibilities of crosslinking several
water-soluble biopolymers were investigated. First, PEG nanofiber mats were
treated with PETRA and UV irradiation to increase crosslinking, a method which is
known from PEG hydrogels [36].

50 : 50 60 : 40

70 : 30 80 : 20

90 : 10

10 μm 10 μm

10 μm 10 μm

10 μm

Fig. 1 CLSM images of keratin co-spun with PEG in different ratios keratin:PEG
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The results are depicted in Fig. 3. Starting with pure chemical crosslinking
without UV irradiation, a significant modification of the nanofiber mat is already
visible. Large areas seem to be connected. Nevertheless, after 1 min in water, the
nanofibers are completely dissolved, and only a membrane is left where the dis-
solved material was apparently accumulated during drying.

Using additional UV radiation for increasing time, the membrane-like parts
which seem to be crosslinked increase until large areas are completely covered by
membranes. Nevertheless, after 1 min in water, only re-accumulations are visible
on the thicker substrate fibers.

50 : 50 60 : 40

70 : 30 80 : 20

90 : 10

10 μm 10 μm

10 μm

10 μm 10 μm

Fig. 2 CLSM images of collagen co-spun with PEG in different ratios collagen:PEG
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10 μm 10 μm

10 μm 10 μm

10 μm 10 μm

10 μm 10 μm

0 min UV

33 min UV

22 min UV

11 min UV

1 min water

1 min water

1 min water

1 min water

Fig. 3 PEG after crosslinking with PETRA and UV irradiation for the time given in the inset (left
panels) and after inserting the UV-PETRA treated PEG fabric in water for 1 min (right panels)
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Since this method does not seem to work with nanofiber mats, in the next
experiment, PEG and PETRA were co-spun. The resulting mat mostly contained a
relatively thick coating, significantly thicker than the usual membranes which occur
on several nanofiber mats (Fig. 4). Only some areas showed networks of fibers with
varying thickness. While the fabric was indeed waterproof for 1 min, the surface
remained sticky and thus unusable for most applications. Apparently, more tests are
necessary to transfer the idea of UV crosslinking PEG supported by PETRA from
hydrogels to nanofiber mats.

Another idea to make biopolymers more water-resistant is co-spinning them with
a waterproof polymer, such as PAN. PAN can be dissolved in DMSO (dimethyl
sulfoxide) which has to be handled with care, but is nontoxic, so that it can also be
used to create nanofiber mats for medical or biotechnological applications.

10 μm

Fig. 4 PEG co-spun with
PETRA after UV irradiation

Dextran 6.9 % + PAN 10 %

10 μm

Fig. 5 Dextran co-spun with
PAN
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One of the biopolymers which were tested with PAN is dextran. Here, the
solution contained 6% dextran and 10% PAN. The resulting nanofiber mat is
depicted in Fig. 5. Besides some beads which are typical for spinning PAN in
relatively low concentrations, fine, straight nanofibers are visible without any holes
that are strong morphology deviations in the created mat.

Results of co-spinning poloxamer and PAN are depicted in Fig. 6 for two dif-
ferent concentration combinations. Both solutions were slightly modified by adding
a few grains of NaCl to increase their conductivity. First, higher concentrations of
poloxamer result in significantly increased fiber diameters. Future tests modifying
both concentrations separately will show the influence of both parameters.

Second, adding NaCl to the solution with lower poloxamer content also
increases the fiber diameter. Apparently, this is an easy way to influence the fiber
morphology without reducing the spinning output significantly due to a strongly
increased viscosity.

Now, these partly water-stable nanofiber mats were immersed in water for 1 min
and for 3 days as well as in saltwater for 3 days. Figure 7 depicts the results of tests
on the dextran/PAN nanofibers mat shown in Fig. 5.

Immersing the nanofiber mat in water for 1 min already resulted in a signifi-
cantly changed mat morphology. The large fibers are nearly vanished; only a rough,
partly fibrous underground remains visible. After 3 days in water, this effect is still
increased.

Poloxamer 6.9 % + PAN 11 %

10 μm

Poloxamer 13.9 % + PAN 11 %

10 μm

10 μm10 μm

Poloxamer 6.9 % + PAN 11 % + salt

Poloxamer 13.9 % + PAN 11 % + salt

Fig. 6 Poloxamer co-spun with PAN with different concentrations
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Nevertheless, there are still fiber compounds visible. An additional effect occurs
when introducing the nanofiber mat in saltwater. Unexpectedly, some areas of the
nanofiber mat seem to be crosslinked; an effect which is neither visible in the
original nanofiber mat nor after introducing the mat into pure water for 3 days. This
behavior will be investigated in more detail in the near future.

The equivalent experiment was performed on the poloxamer/PAN nanofiber
mats with 6.9% poloxamer (Fig. 8). After 1 min in water, the nanofibers are still
well visible, although the mat seems to have a higher density now, compared to the
original one (cf. Fig. 6). After 3 days in water, however, large “beads” on top of the
fiber mat are visible, probably stemming from dissolved and re-accumulated
poloxamer. This effect, however, does not occur after 3 days in saltwater; there, the
complete nanofiber mat is maintained. Apparently, salt does not only influence the
spinning process but also the effect of water on the respective nanofiber mats.

1 min in water 3 days in water

3 days in salt water

10 μm10 μm

10 μm

Fig. 7 PAN 10%/dextran 6.9% nanofiber mat after inserting in water for 1 min, in water or
saltwater for 3 days
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4 Conclusion

Different (bio)polymers, such as keratin, collagen, dextran, and poloxamer, were
co-electrospun with PEG or PAN to create nanofiber mats. Depending on the
spinning solutions, fabric morphologies varied between nanofiber mats and mem-
branes or even thicker coatings.

Approaches to make the nanofiber mats water-resistant included
photo-crosslinking PEG with PETRA which did not work sufficiently and
co-spinning water-soluble biopolymers with the water-stable PAN, partly leading to
positive results. Additionally, a small amount of NaCl was shown to strongly
influence spinning and wetting processes.

Future experiments are necessary to investigate some of the unexpected effects
found here more in detail and especially to increase water stability of biopolymer
blends for medical and biotechnological applications.

Acknowledgements The authors acknowledge gratefully the program FH basis of the German
federal country North Rhine-Westphalia for funding the “Nanospider Lab”. This investigation was
partly funded by the HiF fund of Bielefeld University of Applied Sciences.

3 days in water

3 days in salt water

10 μm

10 μm10 μm

1 min in water

Fig. 8 PAN/poloxamer nanofiber mat after inserting in water for 1 min, in water or saltwater for
3 days
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Sensorized Woven Tapes and Their
Testing

W. Scheibner, A. Neudeck, K. Ullrich, A. Krahmer, H. Oschatz,
M. Weiser and U. Möhring

Abstract Sensorizing of woven tapes is the starting point for many innovations
when physical properties like force, pressure, temperature, shape change, or
moisture have to be supervised in medical textiles, wellness requisites, load bearing
belts, buildings, and sporting goods. In order to produce textile-based sensors,
fibers or bundles of fibers, ribbons and other textile substrates are furnished with
coatings which can advantageously be tailored to any desired sensing capability.
Hereby, the textile material remains nearly unchanged and keeps up its textile
typical behavior. The sensorized area is free from nontextile components. The
presented chapter deals with textile sensors for the measurement of contact pres-
sure, temperature, and moisture. For this reason, sensorized threads are interwoven
into tapes and connected with wires for the transmission of signals. Further on,
woven tapes with sensing coatings and their applications are presented. A second
part of this chapter is dedicated to questions regarding the accessibility to evaluation
units, the minimization of cross-sensitivities and environmental influences as well
as the reproducibility of sensor characteristics. Finally, a testing method for smart
textiles is introduced based on simultaneously applying mechanical stress and
monitoring the change in electrical resistance.

1 Introduction

Sensors are a basic requirement and the main initiator when textiles have to be
equipped with intelligent functions. Especially 3-D textiles, such as knitted spacer
fabrics or pile woven fabrics, offer empty space for the integration of sensors and
possess an elastic resilience force which can advantageously be used for many
sensory applications. On the basis of a current analysis of the smart textiles market,
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the focus was placed on measurements of the contact pressure with emphasis on
prospective applications in medicine and wellness requisites. In addition,
textile-based temperature and moisture sensors were included in the investigations
since they comprise a suitable completion for many adjacent uses [1].

The variables to be measured were converted via a resistance measurement into
an electrical signal. In order to generate a spatially resolved sensor signal, a network
of electrically conductive threads was incorporated into the textile. The sensorized
area remains free from nontextile materials. Force and pressure measurements were
carried out using piezo-resistive signal converters, moisture was measured via
resistance changes caused by hygroscopicity or swelling, and the thermo-electric
effect was used for temperature measurements with woven thermocouples.

A further part of the R&D activities aimed at the connection between sensors
and evaluation units, at the minimization of influences caused by environmental
conditions and cross-sensitivities as well as at the reproducibility of the sensor
characteristics. Textile typical connection techniques such as tailoring, embroidery
[2], snap buttons, and rivets were applied to transmit electrical signals and for
contacting with evaluation units.

The textile sensors were finished with partially applied coatings made of poly-
mer pastes. Typical exposures of textile sensors to mechanical and thermal load
were simulated in accelerated tests on laboratory scale in order to derive some
reliability-enhancing measures. Textile-based sensors provide many opportunities
to develop new products with functionalities exceeding the capabilities of con-
ventional sensors with respect to both technical parameters (size, flexibility, and
response time) and manufacturing costs.

The high integration depth of sensor devices and textile opens up new appli-
cation fields and increases the acceptance of early adopters especially when sensors
have to be worn proximal to the body. First applications were put into practice in
the form of woven and braided sensors for the two-dimensional supervision of load
and moisture in buildings.

2 Experimental

Two approaches were chosen to equip textiles with sensing capabilities: First, the
sensory behavior arises from yarns which were varnished with sensory coatings,
interwoven into the textile, and finally connected to lead-in wires. Second, a sen-
sory coating was applied onto a woven fabric which was previously structured with
a network of conductors for the signal transfer.

Polyurethane and acrylate were used as appropriate film-forming polymeric
materials to produce sensory layers on the textile substrate acting as resistive signal
converters. For this reason, the aqueous polymer solutions were mixed up with
carbon black or lithium chloride (LiCl) to produce sensors responding to changes of
mechanical load and humidity, respectively. After applying the coatings, they were
dried in a conveyor-type furnace at approximately 150 °C.
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The sensory formulation was transferred from a supply tank onto the yarn using
a transfer roll, whereas an air-squeegee was used to apply pastes or foams on
fabrics. In particular, the last-mentioned method was used to apply a piezo-resistive
foam in manufacturing a sensor mat for the measurement of the contact pressure for
medical purposes and the like. Elongation sensing fibers with diameters ranging
from 0.5 to 2.0 mm were made of a silicone rubber (polydimethylsiloxane) from
Rehau AG filled with carbon black. These fibers were incorporated in elastic tapes
which can be utilized to measure elongations up to 200%.

The textile sensors were finished with partially applied coatings made of poly-
mer pastes (e.g., polyurethane) to protect them against environmental attack. The
coatings were cured in a laboratory hot air oven with coating device type
Labdryer LTE (Werner Mathis AG).

Electrical resistance measurements were performed with a Keysight 34972A
Data Acquisition/Data Logger Switch Unit with a 6 ½ Digit Digital Multimeter and
plug-in modules for data acquisition from the sensors. In all cases, the resistances to
be measured were at least three orders of magnitude higher than those of the
measuring cables. So measurements were carried out using a two-wire connection.

Textile temperature sensors in the form of woven thermocouples (type T) were
built from copper and constantan wires with a diameter of 80 and 100 µm,
respectively. The metal wires were woven into the fabric together with the textile
threads and connected with compensating cables to a precision-second-thermometer
GMH 3210 (Greisinger electronic GmbH).

The completed textile-based sensors were manufactured using production
techniques like weaving, knitting, embroidery, and braiding.

3 Force, Pressure, and Elongation Sensors

In manufacturing sensors to detect mechanical load, piezo-resistive layers were
applied on polyester yarns. For this purpose, various yarns were coated with the
polyurethane-based compound Tubicoat EHL (CHT R. Beitlich GmbH) which is
filled with carbon black. So the polyurethane coating became electrically conduc-
tive and changes its electrical resistance upon stretching or compression. Figure 1
shows the results of a stretching test at room temperature. To investigate the effect
of mechanical deformation on the sensory behavior of the yarn, it was subjected to
stretch-relaxation cycles with a velocity of 20 mm/s up to an elongation of 10%,
while its electrical resistance was recorded simultaneously.

From Fig. 1, it becomes obvious that an initial transient response is followed by
a steady-state mechanical and electrical behavior of the sensor threads.
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In order to produce planar pressure sensors, which can be utilized to determine
the contact pressure, the polyurethane dispersion was foamed up to a volume
weight of about 200 g/l and spread on a woven fabric which was equipped with
electrodes for signal tapping.

Figure 2 shows the arrangement of the interwoven electrodes and the external
wiring for signal generation schematically. It should be emphasized that the wires in
the x- and y-columns were not in electrical contact with each other.

An implementation example of a sensor matrix is shown in Fig. 3. Peripheral
contacts were accomplished using textile typical connection techniques (e.g., push
buttons).

The resistance-pressure characteristic of piezo-resistive sensor cells was deter-
mined using a penetrometer PNR 10 (Petrotest Instruments) to exert pressure on the
sensor. Figure 4 shows the electrical resistance of a sensor cell with a 10 mm

Fig. 1 Graph of the relative
change in resistance versus
time for a cyclic stretching
test performed with a sensor
thread (PES 110 dtex coated
with Tubicoat EHL) (above)
and corresponding
force-elongation curve
(below)
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x 10 mm grid plotted against the applied pressure for both the burden and the relief
cycle. The observed hysteresis seems to be characteristic of piezo-resistive polymer
sensors since it was also found for other such materials [3, 4].

Fig. 2 Schematic view of a
sensor mat for contact
pressure measurements with
the arrangement of measuring
electrodes, external wiring,
and piezo-resistive foam
(1—multilayer woven fabric,
2—electrically conductive
threads, 3—insulated
intersection point, 4—layer of
piezo-resistive foam,
5—resistance metre)

Fig. 3 Implementation
example of a sensor mat for
contact pressure
measurements
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4 Temperature Sensors

Woven thermocouples represent a convenient method to place punctual temperature
test points in a fabric. Figure 5 shows a woven thermocouple made of copper and
constantan wires encapsulated with a dot of polyurethane varnish.

Fig. 4 Graph of the electrical
resistance of a
10 mm � 10 mm sensor cell
versus the applied pressure for
burden and relief of the
piezo-resistive foam

Fig. 5 Woven thermocouple
with encapsulation of
polyurethane varnish
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Woven thermocouples can advantageously be manufactured in a large number
using the leno weaving method [5]. Their simple construction and fast response to
temperature changes make them a feasible means for smart textile applications. The
step response of a woven thermocouple to an abrupt temperature rise of about 30 K
is depicted in Fig. 6.

5 Humidity Sensors

Two different effects were used to prepare sensors threads which respond to varying
humidity with typical resistance changes: Swelling of a viscose yarn filled with
carbon black and hygroscopicity of polyurethane coatings due to admixtures of
lithium chloride.

Figure 7 shows a family of characteristics which can be used to determine the
relative humidity via a measurement of the electric resistance of sensor threads. The
curves for the two thread types made from viscose (CV) and polyester (PES) are
denoted by the red and blue color, respectively.

Intermediate values for various temperatures can be determined with the help of
interpolation techniques.

Fig. 6 Step response of a
woven thermocouple
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5.1 Why Testing Is Necessary

The tested conductive yarns used in woven sensor fabrics are in a wide range of
specific conductivities made from a wide variety of materials. The spectrum ranges
from metal fibers (e.g., Bekinox) to yarn constructions made of wires and partly
highly elastic core filaments, metallized synthetic fibers (usually polyamide), and
spun yarns filled with carbon modifications (e.g., graphite, fullerenes, carbon nan-
otubes, and graphene) and conductive yarns produced by electrospinning polymers.
These yarns are the prerequisite for smart textiles with electronic functions.

Many of the woven samples with those fibers have proved to be particularly
durable and robust due to the basic textile structure. The reliability of the new
products depends less on the polymer thread than on the partly highly conductive
yarns for which there are currently no standardized tests for quality assessment,
process control during production and characterization of long-term stability and
aging.

5.2 Requirements for Quality Control—New Simultaneous
Testing Methods

Except for the spun metal fibers and the yarns made from conductive polymers in
the electrospinning, all other combinations are materials of various physical
properties, such as thermal expansion, thermal shrinkage, modulus of elasticity, and
tensile strength. The different physical properties alone do not have a negative effect
on the final property of the hybrid yarn.

Frequently, the required properties, e.g., the conductivity or extreme tensile
strengths or elongation properties can only be achieved in the appropriate

Fig. 7 Family of
resistance-humidity
characteristics for a 650 dtex
viscose yarn filled with
carbon black (Thüringisches
Institut für Textil- und
Kunststoffforschung e. V.)
(red) and for a 110 dtex
polyester yarn coated with a
polyurethane mixed up with
5 mass% lithium chloride
(blue)
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combination. If the focus is too much on a physical property such as the conduc-
tivity, other effects are neglected, leading to degradation and ultimately to early
aging phenomena. Therefore, for a comprehensive characterization of conductive
yarns, it is not sufficient to accurately characterize the resistances, the current
carrying capacity, the corrosion resistance (exchange current density from the panel
plot, cyclovoltametric characterization of the oxidation resistance, and electro-
chemical impedance spectroscopy) of the yarns. If materials are used in clothing,
mechanical, thermal stresses must not be neglected. For this purpose, only the
textile properties (such as strength, elongation, elasticity, and frictional behavior)
are currently being tested and the electrical properties are checked again only after
the load tests.

The practice shows, however, that high-quality fluctuations, especially on met-
allized yarns, are difficult to master in this way, and materials which are subject to
the individual tests fail in practice.

Only combined test methods make it possible to understand the failure mech-
anisms and to make reliable statements about the reliability of the new textile
materials. The electrical parameters must be recorded under mechanical and thermal
stress and must be correlated with practical experience.

5.3 Simultaneous Tests of Electrical and Mechanical
Properties—RFs Characteristic

Only the simultaneous detection of resistance R and force F (RFs characteristic)
over a strain cycle (path s) provides important information about the number of
defect sites on filaments as the resistance decreases briefly with the strain as a result
of the contact between the filaments and the bridging of the defect sites is caused
(see Fig. 8).

A sharp rise following the resistance drop and the distinct hysteresis of the
resistance course during the stretching versus the subsequent expansion characterize
the adhesion of the metal layer in the case of metallized yarns. This resistance-strain
pattern typical of metallized yarns can be described as a series of defect and
parallel-connected contact resistances between the filaments, connected in series
with the equivalent circuit diagram shown in Fig. 9, across the filament resistor
when both the number of defect sites and the contact points grow exponentially
(Fig. 10).

The equivalent circuit diagram qualitatively describes the resistance drop, the
sudden rise and the renewed decrease in strain as well as the course during the
relaxation. The strong increase in resistance is caused by the exponentially growing
number of defect sites which are compensated for by the increasingly stronger
thread closure and the increasing number of contact points. Thus, the resistance tip
is a measure of the defect sites forming, which also manifests itself in multicyclic
strain tests.
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If the resistance tip is significantly larger when stretched, the resistance peaks
will increase sharply during the cycle-to-cycle stretching until the conductivity of
the thread completely tears after a few further cycles. The resistance increases
spontaneously and only briefly into the mega-ohm range until the conductivity is
completely interrupted.

Fig. 8 Typical resistance-strain dependency of a highly metallized yarn with good adhesion of the
metal layer and including the synchronously measured force

Fig. 9 Equivalent circuit
diagram with the example of
two filaments in contact with
each other
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The relative resistance maximum is shown in Fig. 11 during the elongation of
the filament of (508 O – 109 X)/109 X * 100% = 366% represents a typical value
for silver-plated yarns with good silver adhesion. With a relative resistance increase
of 400% and more, the typical behavior described above is observed for yarns with
poor adhesion of the metal layers.

If the metal layer is galvanically strengthened on such yarns, adhesion problems
and the corresponding aging phenomena are intensified. If the simultaneous RFs
characteristic is recorded again on galvanically amplified yarns, the relative resis-
tance peaks (RPeak − R0)/R0 * 100% increase significantly in the strain cycle from
cycle to cycle. Already after less than 10 cycles, the conductivity of the thread tears
off briefly. While the total failure in the case of premetallized yarns in the boundary
region is often not observed within 50 cycles, in the case of metallized yarns with a
high metal layer and inadequate adhesion, this occurs as a rule after 20 cycles or
earlier (see Figs. 11 and 12).

6 Conclusion

With the detection of the RFs characteristic, the electrical properties under the load
are checked as in later use. The cyclic load changes and the simultaneously detected
thread resistance can be used to simulate aging in use.

Fig. 10 The simulated resistance-strain curves (red) simulated with the equivalent circuit diagram
for a filament with 34 filaments for noncontacting filaments for filaments (green) contacting
filaments (green) during stretching and (turquoise) during relaxation
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In order to limit the test time, the strains can be slightly above those in later use.
A correlation between the amplitude of the strain used in the test and the number of
cycles up to the total failure is indicated and is currently being worked out in more
detail. With the aid of the RFs characteristic, however, already preassembled yarns
with insufficient adhesion can already be detected and sorted out before the galvanic
reinforcement.

The example of the test of the RFs characteristic clearly shows that simultaneous
measurements make it possible to predict the aging of conductive yarns and thus
their reliability. In addition, RFs examinations can also be applied to conductive
textile structures (e.g., sensorized narrow fabrics) so that not only statements about
the reliability of the yarns but also of the conductive textile structures in the smart
or electronic textiles are possible based on their subsequent use.

In addition to the mechanical stress, the yarns are still subject to the thermal
stress caused by the different heat coefficients of their conductive and noncon-
ductive components and to chemical stress depending on their application. For this
reason, these influences are to be recorded during the test for the ever more complex
material combinations, which are no longer concerned solely with the conductivity
of the yarns, but also with their use under cyclic mechanical, thermal, and chemical
stresses, and new simultaneous test methods are to be developed.

Fig. 11 RFs characteristic of
a metallized filament with
good adhesion of the metal
layer

Fig. 12 RFs characteristic of
a metallized filament with
poor adhesion of the metal
layer
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Integration of Solar Cells and Other
Electronic Components into Clothes

Susanna Fafenrot, Paul Silbermann, Nils Grimmelsmann,
Johannes Assig and Andrea Ehrmann

Abstract Wearables and smart textiles are a growing field in the fashion trade.
Primarily, the textile industry can thereby expand and become again more local in
Germany. The interest in clothes and textiles with new functions rises continuously,
resulting in the fact that functionality and design should be well joined to convince
the end-consumer. In an interdisciplinary project of designers and engineers, a
flexible solar module was integrated into clothes that it is not visible at first sight. It
was hidden behind a laser-cut to provide a good integration of technology in clothes
and to enrich the design. The influence of the laser-cut was analyzed in various
measurements and was optimized so that the solar cells can still provide enough
power to control a sound module for MP3 files. With textile buttons, which contain
conductive textiles and threads, it is possible to operate the music. The results are
two androgynous outfits with electronic components. The intention was to develop
garments for both genders, to give them a function for increasing the value and to
put forward the sustainability.

1 Introduction

Smart textiles often contain electronic parts which are either integrated to avoid
standing out, or which are planned to attract attention by showing them openly.
Away from the catwalk, in both cases, embedding electronic parts must meet some
criteria which are necessary to fulfill the users’ requirements: The nontextile objects
must not restrict the wearability, i.e., the wearer should be able to use a smart
garment like a common one, without limitations due to hard, protruding parts [1–4].
Additionally, whether nearly invisible or being used as a design element, elec-
tronics should not reduce the aesthetic quality of a garment.

The wearability of smart textiles is addressed in several publications, especially
related to the wearing comfort of tight-fitting garments. A typical example is
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textile-based ECG sensors which were developed in different research groups to
increase the comfort level during long-term monitoring, as opposed to common
pregelled glue electrodes [5, 6]. This task is of special importance if babies are
planned to be monitored with such wearable sensors [7].

Electronics for posture monitoring in neurological rehabilitation are placed in a
wearable system aiming at wearability and ease of use [8]. Similarly, electronics
integrated into an insole for gait monitoring also aim at being lightweight, thin, and
comfortable to wear [9].

Conduction lines between the different electronic elements are also under
investigation, trying to find solutions which are not only washable and abrasion
resistant but also stretchable and comfortable for the wearer of such a garment [10].

Design aspects, however, are related to technical requirements in most scientific
publications, while design in the meaning of “making a garment look attractive for
possible wearers” is often neglected. Only few scientific publications address the
need to combine (electronic) functions with an aesthetic design [11–17], some of
them, on the other hand, ignore the more technical requirements such as washability
and wearing comfort.

Our chapter shows the possibilities and challenges occurring for the integration
of different electronic parts and conduction lines into garments for both genders and
shows possible solutions to combine aesthetics with new functionalities without
losing the wearing comfort.

2 Experimental

The complete garments include electronic parts, leading to respective technical
requirements, as well as design aspects. All these parts are described in the fol-
lowing subsections.

3 Electronic Devices

Due to the desire to create sustainable smart textiles, a solar module is included to
provide power for a sound module. For this, a flexible solar module with nominal
voltage 5 V, open-circuit voltage 6.7 V, nominal current 340 mA, short-circuit
current 400 mA, and power 1.5 W (purchased from Lemo-Solar GmbH, Ilsfeld/
Germany). The solar module is bendable, weatherproof, break-proof, lightweight,
and thus suited for integration in garments.

The included sound module GPD2856C for MP3 files is an MP3 decoder board
with a 3 W amplifier for Arduino and microcontroller, purchased from LV Verkauf
(Ostfildern/Germany). It can use 3.6–5.5 V, has an AUX connection for head-
phones (stereo 3.5 mm) and a 16 GB microSD card slot which can find the MP3
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files automatically. Furthermore, there are buttons for Prev, Next, P/P, Repeat, V-,
V+, and Mode on the board. These buttons are connected with textile buttons
afterward.

To enable listening to music without being in the sun, a lithium polymer
accumulator with nominal voltage 3.7 V, end-of-charge voltage 4.2 V,
end-of-discharge voltage 3.0 V, deep discharge limit 2.3 V, and a capacity of 1700
mAh was bought from KT-Elektronic (Königs Wusterhausen/Germany).

A charge controller (based on a TP4056 Micro USB 5 V, purchased from
maxsuperdeal, Freilassing/Germany) connects all elements and fits the solar module
power to the accumulator as well as to the sound module.

Switches (purchased from alpha electronic—Ing. A. Berger GmbH Bielefeld/
Germany) allow for directing the power from the solar module completely to theMP3
player or the accumulator, respectively, as well as for switching off the whole circuit.

Conductive textiles (purchased from Less EMF Inc.) are used in the textile push
buttons. A conductive thread (purchased from Statex Bremen/Germany) was
combined with a laser-cut circuit board to make a bridge between the flexible
conductive thread and the stiff wires (purchased from alpha electronic—Ing.
A. Berger GmbH, Bielefeld/Germany).

4 Textile Fabrics and Garment Construction

Diverse textile fabrics were chosen for the final garments. Since a collection of two
outfits for women and men was planned, colors and different material combinations
were used to play with stereotypes, such as pink silk for “typical female” and dark
sports fabrics as “typical male.”

Push buttons for controlling the sound module were realized as textile versions
with the help of a laser cutter according to Ref. [18]. All electronic parts can be
taken out of the garments to enable washing and to allow changeableness.

5 Laser Cutting

To integrate the solar cells into the garments instead of simply gluing them on top
of the textile parts and to get the effect of a print, they are partly hidden under a
laser-cut pattern. For this, an Epilog Zing 24 laser (60 W, 608 � 304 mm) was
used in the FabLab DEZENTRALE Dortmund. There were also laser-cut details
(jackets, trousers, bags, and further processed headphones) to promote the aes-
thetics and raise the value of the garments using new technologies. The details are
frayed sportive stripes, cut seams, the form of the handbags, mesh out of pink silk
and the above-mentioned laser-cut for the solar cell.

Vector graphics for laser cutting were prepared using Adobe Illustrator CS6. For
the pattern for the solar module, the help of different layers was necessary. The first
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layer is a re-creation of the solar module and in the layers above, different designs
can be tried out. It is important to make sure that the white border of the solar
module is hidden while the white horizontal lines were made consciously visible to
support the sporty look. Figure 1 depicts the use of different layers. The three blue
stripes and the red mark represent the solar module, while the green areas show one
of the tested cuts (this is the visible part of the solar module).

The open area of the cuts was calculated by means of the Adobe script
“GetShapeArea” to evaluate the power of the solar module in reference to the whole
circuit.

6 Results and Discussion

The electronic elements and their interdependencies were first tested without any
integration into a textile fabric. First tests showed that 22 mA is necessary to
operate the sound module and the whole circuit. In the diffuse light of the laboratory
lamps, only 18 mA was generated by the solar cell, i.e., 4 mA had to be added by
the accumulator. Changing to concentrated light from a desk light, a current of
34 mA could be achieved. Both values are significantly smaller than the specified
nominal current of 340 mA of the solar module. While the idea of using an
accumulator in combination with a solar cell works in principle, the power gained
from the solar cell from the usual light inside a building is apparently insufficient to
operate even a small consumer such as a sound module.

Nevertheless, the next tests of the dependence of voltage and current of the solar
panel on the shaded solar cell area was tested with a desk light to avoid undesired

Fig. 1 Vector graphics were prepared with different layers in Adobe Illustrator CS6 for the laser
cutter, used font: Emilio 20 by Adien Gunarta available at https://www.dafont.com/emilio-20.font
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changes of the light intensity. Figure 2 depicts the results. While the voltage
reaches the maximum values already for approx. 30% open area, the current
increases continuously with increasing illuminated area. It should be mentioned that
these tests were performed using laser-cut patterns in order to measure as realistic as
possible with respect to the planned application.

The next experiments, however, were performed in daylight. Figure 3 depicts
the currents measured outside with partial shadowing of the solar module. While the
measurements in the shadow still show quite low currents, even smaller than in
previous inside tests, the currents gained in the sun are sufficient to operate the
sound module (with 22 mA) and charge the accumulator at the same time.
Nevertheless, it should be mentioned that the specified nominal current of 340 mA
is still not reached.

Further long-term tests in the full sun with different laser-cut patterns, all
shadowing approx. 50% of the solar module, resulted in a broad spectrum of
time-dependent current values, ranging between 50 mA and 130 mA. In spite of
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these large deviations, the minimum value of 50 mA is still sufficient to operate the
sound module. The speed of loading the accumulator, however, will vary strongly.

Different laser-cut patterns were examined with respect to the illuminated area.
To make the functionality of the solar cell visible, this pattern should refer to its
electronic properties. Since the currents were found to vary strongly, the voltage
values measured for the solar panel were chosen.

Figure 4 shows some ideas of which pattern 2 was finally chosen, with a slight
modification. This pattern has an open area of 49% which can be related to an
expected average current of 94 mA, extrapolated from the values in Fig. 3.

This choice of the laser-cut pattern led to a new problem: The inner corners of
the pattern had to be fixed to avoid fluttering in the wind. For this, the laser-cut
textile was planned to be fixed on a net-lace fabric, using Vliesofix gluing inter-
lining (purchased from Nähzentrum Eilers, Bielefeld/Germany). This means that
the effect of the net-lace fabric has to be tested in addition to the influence of the
large-area shadowing due to the laser-cut.

Figure 5 depicts the laser-cut pattern on one of the three possible net-lace fab-
rics, covering the solar module. To investigate the influence of these net-lace
fabrics, Fig. 6 shows the results of long-term measurements under equal light
conditions (indoor at the window without direct sunlight) .

Apparently, the solar module performance is nearly uninfluenced by the different
net-lace fabrics. Thus, this fabric was chosen due to design aspects.

For the textile push buttons, all parts were laser-cut (Fig. 7(1)) except the con-
ductive textile. Inside, two conductive layers are separated by compressible sand-
wich mesh (knitted fabric) with several open areas, working as a spacer—the
conductive layers only get into contact when a pressure is applied. The buttons have

Fig. 4 Possible laser-cut patterns with open areas between 35% (#6) and 55% (#5) related to the
whole area of the solar module, used font: Vermin Vibes by Andrew McCluskey (NALGames)
available at https://www.dafont.com/de/vermin-vibes.font

234 S. Fafenrot et al.

https://www.dafont.com/de/vermin-vibes.font


laser-cut symbols to depict their functions. After this preparation, all parts were sewn
together and the conductive threads were sewn on the conductive textile (Fig. 7(2)),
as suggested by Bohne [18].

These buttons were placed on the front of the circuit bags which have laser-cut
marks and open areas for the conductive threads and switches. On the back, the
laser-cut circuit boards are visible which have the aim to build a bridge between the
flexible conductive thread and the stiff wires (Fig. 7(3), (4)). Then, the wires can be
soldered on the circuit board and the front bag can be sewn together with the back
(Fig. 7(5), (6)).

Fig. 5 Laser-cut pattern placed on the solar module, fixed on a net-lace fabric
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The wires are now the positive and negative terminals of the textile buttons and
should be connected with the primary buttons on the board of the sound module.
After soldering, the textile buttons can operate the sound module. The electronics
can be stashed in the bag and the switches can be put through the cuts to the outside
(Fig. 7(7), (8)). For the switches separating the sound module and the accumulator
from the charge controller, conventional parts were used.

As described above, these parts are placed together with the other electronic
objects and conductive thread in a small bag which can be taken out of the garments
for washing. The solar module and all wires are fixed in integrated bags, closed
with hook-and-loop fasteners.

Fig. 7 Shows the process of preparing the textile buttons and the circuit bag
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Figure 8 depicts the final smart jackets with the electronic parts as described
above, combined with trousers, pullovers, and a bag belonging to the same col-
lection. The technical parameters stay unaltered during integration of the electronic
elements in the jackets. The jackets are thus capable of receiving enough solar
energy in the sunlight to power a sound module and at the same time load an
accumulator to save energy for using the MP3 player inside a building.

7 Conclusion

In a recent project, smart jackets were developed, including solar cells, a sound
module, an accumulator, and a charge controller together with switches to control
whether the power gained by the solar cell should be stored in the battery, operate
the MP3 player, or both. The design was used to combine androgynous aesthetics
with references to the included technical system, using the laser-cut pattern “4.9 V”
which was one of the highest measured voltage values gained from the solar
module. In this way, combining reliable technique and appealing design can pave
the way to a more natural utilization of smart textiles and electronics with diverse
functionalities. All clothes are interchangeable because they are intended for both
genders. Inspiration for this was gender fluidity and androgyny. Garments are

Fig. 8 Jackets with integrated solar cells, other electronic parts and laser-cut details
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changeable and dimensions adjustable. This is an important aspect concerning the
sustainability because a couple could share the garments, for example. Furthermore,
it is mentionable that the clothes increase in value because of the electronics and
smart of textiles. This affects the esteem of the clothes.
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Washing and Abrasion Resistance
of Conductive Coatings for Vital Sensors

Patricia Schäl, Irén Juhász Junger, Nils Grimmelsmann,
Hubert Meissner and Andrea Ehrmann

Abstract In the area of medical textiles, several applications necessitate conduc-
tive sensors, such as ECG or pulse measurements, breathing sensors, etc.
Additionally, connections between electronic elements, data transfer units, and
other parts of sensor networks need conductive paths. The resistance of conductive
yarns or coatings against mechanical and chemical influences, however, is often
low. Silver particles in coatings or on yarns, e.g., can oxidize during washing. Thin
coatings can easily be abraded and offer only a low conductivity due to low layer
height, while thicker coatings can be stiff and break during bending. In a recent
project, we evaluate different coatings with respect to their resistance against
mechanical stress due to abrasion against diverse materials, as a typical demand of
sensory shirts or other medical textiles. Conductive silicone rubber, as well as
graphite-polyurethane dispersions with different graphite concentrations, were
coated on diverse textile fabrics in a defined height. Abrasion tests were performed
on these samples using a linear abrasion tester. The electrical resistance of the
conductive coatings was measured after each test cycle. Additionally, confocal laser
scanning microscopy was used to detect micro-cracks or modifications of the
coating surface. The article gives an overview of the results and depicts the
advantages and challenges of the conductive coatings under examination.

1 Introduction

Conductive yarns or textile coatings have diverse applications in the area of smart
textiles [1]. They are necessary to measure vital signs, e.g., ECG or pulse [2–13],
pressure [14, 15] or elongation [16–22]. Besides these sensory applications, they
are also used to transfer energy or data through conductive transmission lines [23–
25] or through textile antennas to an external receiver [26].
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The main issue in using conductive yarns or textile coatings is their resistivity
against mechanical and chemical impacts, i.e., abrasion and washing. This is why
novel conductive textile coatings are investigated in many research groups, e.g.,
consisting of carbon nanofibers [27], reduced graphene oxide, and silver
nanoparticles [28], or graphene/poly(vinyl alcohol) [29]. For reduced graphene,
another examination found satisfying washing resistance [30]. Nevertheless, it
should be mentioned that sodium hydrosulfite, a noxious chemical which can
explode, is needed for converting graphene oxide into reduced graphene. Less
dangerous coatings, such as Poly(3, 4-ethylenedioxythiophene)-poly(styr-
enesulfonate) (PEDOT:PSS), are known to not withstand UV radiation [31–33].

An alternative to expensive conductive materials, such as noble metals, oxi-
dizing, or other instable materials, such as other metals, or dangerous materials is
carbon in the forms of carbon black or graphite. Nevertheless, only little research is
published on the influence of mechanical or chemical impact on carbon-based
conductive coatings [34, 35].

This is why graphite-polyurethane coatings were prepared on diverse textile
materials in a recent project and tested with respect to their abrasion fastness. As a
comparison, a commercially available conductive silicone rubber is used which has
to be polymerized at high temperatures and is thus not usable on each textile fabric.

2 Experimental

For the graphite-polyurethane (PUR) coatings, dispersion were prepared using
bredderpox®R15 GB-Flex PUR resin, bredderpox®R15 GB-Flex PUR hardener
and diluting agent Verdünner XA (Breddermann Kunstharze, Schapen/Germany).
Graphite particles with diameters 3–5 µm (Algin, Neustadt Glewe/Germany) were
added in concentrations of 25% and 29%, respectively, since lower graphite con-
centrations resulted in significantly increased electrical resistances, while higher
graphite concentrations led to brittle coatings. In all coatings, 10% silicone oil was
added to increase the flexibility of the final layer.

Additionally, the conductive silicone rubber Powersil 466 A + B (Wacker
Chemie AG, Munich, Germany) was tested after curing in an oven at 200 °C for 2 h.

All coatings were applied using a doctor’s knife. The coating dimensions of
10 mm width and 150 mm length, as well as the coating layer height, were defined
by adhesive tape glued on the textile fabrics.

Two samples were prepared per coating and base fabric on which three different
ranges of 100 mm length each were marked so that each result was averaged over
six measurements.

Table 1 shows the four woven fabrics used in this investigation. Material,
thickness and areal weight are varied.

Abrasion tests were performed by a sliding block test according to DIN EN ISO
13427. The standard abrasive material, sandpaper with grain size 100, was
exchanged by a sandpaper grain size 400 as well as the jeans and the viscose fabrics
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defined in Table 1 to investigate more realistic situations. Additionally, each
coating was abraded against itself.

Resistance measurements were performed using a Mastech PM334 digital
multimeter with a maximum measurable resistance of 30 MΩ. All resistances are
measured between two points in a distance of 100 mm.

A confocal laser scanning microscope (CLSM) VK-9700 by Keyence was used
for microscopic examination of the coatings before and after rubbing fastness tests.
All CLSM images depicted in this article have the same nominal magnification of
2000 x.

3 Results and Discussion

One of the biggest challenges in the examination of conductive textile coatings is
the measurement of the electrical resistance. Opposite to hard, flat surfaces, such as
plastics or metals, measurements on textile surfaces usually depend strongly on the
contact area, contact pressure, and also on a possible movement or bending of the
conductive fabric. This is why in a first test series three different contacting methods
were tested: small (crocodile) clamps with “teeth” pressed into the conductive
coatings; large clamps with broad, flat contact areas pressed on the conductive
coatings; and conductive Cu-Zn bands which were glued onto a table in the desired
measurement distance and on which the sliding block with the fabric under
examination below was placed.

Figure 1 depicts the results of these measurements, performed on the three
different coatings described above. Comparing all results, it is obvious that the
Powersil coating gives relatively high resistances and standard deviations, as
expressed by the error bars. For the PUR coating with 29% graphite, all mea-
surements show significantly reduced standard deviations, with the smallest values
being measured using the Cu-Zn band. Only for the measurement of the coatings
with 25% graphite included, a significant difference between the contacting
methods is visible. Here, the measurements with the Cu-Zn band show very small
error bars, while measurements with both clamps result in visibly larger standard
deviations.

Table 1 Thickness and areal weight of textile fabrics used for coating

Name Material Thickness/
mm

Areal weight/(g/m2) Warp threads/cm Weft threads/cm

CO Cotton 0.32 94 30 22

VI Viscose 0.17 67 24 40

LI Linen 0.34 141 26 24

Jeans Cotton 0.90 371 3.5 2.5
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This is why the following tests were performed using the Cu-Zn band.
Next, different rubbing partners were tested: the jeans fabric and the viscose

fabric (cf. Table 1) as well as a sandpaper grain size 400. Figure 2 shows the results
of these experiments. Again, the coatings with 29% graphite showed the most stable
measurements. In all three cases, a slight decrease of the resistance is visible with
increasing numbers of rubbing cycles.

For 25% graphite content in the PUR coating, rubbing against jeans or viscose
resulted in a resistance decrease again, while rubbing against sandpaper resulted in
increased error bars and approximately constant resistance values. Apparently, for
this coating, the sandpaper is too harsh.

In the case of the Powersil coating, rubbing against all three materials of choice
supported the decrease of the electrical resistance. Only for jeans as rubbing partner,
however, the error bars became acceptable after 5000 rubbing cycles. Since this
material also showed good results in the tests of the graphite-PUR coatings, it was
chosen as rubbing partner for the examination of the conductive coatings on dif-
ferent textile substrates.

In Fig. 3, the results of these experiments are shown. All three coatings were
tested on the four textile substrates, rubbed against jeans and measured using the
Cu-Zn band.
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Fig. 1 Comparison of different electrical connection methods for measurements, tested for
graphite/PUR and Powersil coatings on jeans, abraded against jeans. All graphs are depicted with
double-logarithmic axes, meaning that apparently linear correlations are in reality exponential
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Again, the Powersil coatings showed the highest standard deviations, with this
coating on viscose giving the best and most stable results. For large numbers of
rubbing cycles, however, both the resistances and their standard deviations decrease
significantly.

For the more stable measurements on the graphite coatings, it becomes obvious
that the resistances on jeans are higher than on the other (thinner and finer) textile
substrates. Apparently, not only the coating but also the chosen substrate strongly
influences the resulting resistance values. Comparing the three finer fabrics, how-
ever, does not reveal significant differences. All of them show an approximately
exponential decrease, in the double-logarithmic plots used here visible as appar-
ently linear correlations.

Finally, all three coatings on fine cotton were tested using the respective iden-
tical samples as rubbing partners, modeling a situation where such conductive
coatings are used as switches, etc. The results are shown in Fig. 4. For both graphite
coatings, the resistance is now approximately constant, with a slight increase
toward larger numbers of rubbing cycles. For the Powersil coating, the situation is
worse—the resistances, as well as their standard deviations, remain high, until after
approx. 200 rubbing cycles, the cotton fabrics were partly destroyed, and the
experiment had to be stopped.
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Fig. 2 Comparison of different abrasion partners, tested for graphite/PUR and Powersil coatings
on jeans, measured on Cu-Zn band
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Destroying of this fabric was due to the high friction between both Powersil
layers—this resulted in the fabrics being moved with respect to the rough surfaces
of the sliding and the rubbing block, leading to destroying them from the backsides.

To understand the influences of these rubbing processes better, Figs. 5, 6 and 7
depict the coating surfaces before the abrasion processes and after 5000 rubbing
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Fig. 3 Comparison of different textile substrates, tested for graphite/PUR and Powersil coatings
abraded against jeans, measured on Cu-Zn band
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Fig. 5 Graphite 25% in PUR before abrasion (left panel) and after 5000 rubbing cycles against
jeans

Fig. 6 Graphite 29% in PUR before abrasion (left panel) and after 5000 rubbing cycles against
jeans

Fig. 7 Powersil before abrasion (left panel) and after 5000 rubbing cycles against jeans
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cycles against jeans. Both graphite coatings show typical graphite flakes on the
surfaces before the abrasion tests which are nearly vanished after the 5000 test cycles.

Apparently, the abrasion cycles rub off all loose material, i.e., especially the
graphite flakes laying on the surface. While this seems to be counterproductive at
first glance, we assume that it helps contacting the graphite which is really fixed in
the conductive layer and has contact to the percolation paths inside the coating,
while the original outer layer seems to consist of pure graphite with less contact to
the actual conductive bulk material.

For Powersil, another surface modification takes place. Here, rubbing results in a
riffle structure which may be attributed to a stick-slip friction effect between the
Powersil surface and the textile rubbing partner. We assume that, opposite to the
graphite coatings, the positive effect of rubbing can be attributed to opening the
surface toward the more conductive bulk material.

Finally, Fig. 8 depicts images of the graphite coatings rubbed against them-
selves. Apparently, instead of removing all non-fixed material, here mostly small
parts of graphite flakes are exchanged between both rubbing partners, prohibiting
the advantageous “cleaning” of the conductive surface.

4 Conclusion

In a recent project, rubbing tests were performed on three different conductive
materials, coated on four textile fabrics each. Tests revealed that measurements
gave most reliable results when performed with the coating under examination
being placed on conductive Cu-Zn bands in a defined distance under a defined
pressure. Both graphite-PUR coatings showed more stable results than the com-
mercially available, flexible Powersil coating. Additionally, our experiments
showed that rubbing the conductive coatings against a suitable partner material
supports the absolute values as well as the stability of the conductivity.

Fig. 8 Graphite 25% (left panel) and graphite 29% (right panel) in PUR after 5000 rubbing cycles
against the identical coatings
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Resource-Efficient Production of a Smart
Textile UV Sensor Using Photochromic
Dyes: Characterization and Optimization

Sina Seipel, Junchun Yu, Aravin P. Periyasamy, Martina Viková,
Michal Vik and Vincent A. Nierstrasz

Abstract Niche products like smart textiles and other technical high-end products
require resource-efficient processes and small batches contrary to conventional
textile processes that require larger batches and are water-, chemical- and
energy-intensive. This study focuses on digital inkjet printing and UV light curing
as a flexible and resource-efficient and therewith economic production process of a
smart textile UV sensor. The UV sensor is based on a UV-curable inkjet ink and a
commercial photochromic dye. The inkjet ink is cured via free radical polymer-
ization initiated by a UV–LED lamp. This system contains two photoactive com-
pounds for which UV light both cures and activates the prints. An important
challenge is therefore polymer crosslinking of the resin and UV-sensing perfor-
mance of the photochromic dye. In this paper, we present performance as a function
of belt speed and lamp intensity during curing. Via wash tests, we investigate the
durability of the photochromic prints. The UV-sensing textile is characterized by
colour measurements, differential scanning calorimetry (DSC) and dynamic
mechanical analysis (DMA).

S. Seipel (&) � J. Yu � V. A. Nierstrasz
Faculty of Textiles, Engineering and Business, Department of Textile Technology,
Textile Materials Technology Group, University of Borås, 501 90 Borås, Sweden
e-mail: sina.seipel@hb.se

J. Yu
e-mail: junchun.yu@hb.se

V. A. Nierstrasz
e-mail: vincent.nierstrasz@hb.se

A. P. Periyasamy � M. Viková � M. Vik
Faculty of Textile Engineering, Department of Material Engineering,
Technical University of Liberec, Studentská 2, 461 17 Liberec, Czech Republic
e-mail: aravinprince@gmail.com

M. Viková
e-mail: martina.vikova@tul.cz

M. Vik
e-mail: michal.vik@tul.cz

© Springer International Publishing AG 2018
Y. Kyosev et al. (eds.), Narrow and Smart Textiles,
https://doi.org/10.1007/978-3-319-69050-6_22

251



1 Introduction

Today, smart textile UV sensors can typically be produced using screen printing
[1–3], conventional dyeing [4, 5] and compounding and melt spinning [3, 6].
Successful UV-sensing textiles have been produced using these conventional
technologies. However, due to the large production scale of these conventional
processes and the fact that photochromic dyes are costly chemicals, this did not lead
to an economically industrial-viable process. This paper therefore focuses on the
potential of both digital inkjet printing and UV light curing in the production of a
smart textile UV sensor using photochromic dyes. UV radiation triggers a reversible
colour change in photochromic dyes as a result of a change in absorption spectra as
shown in Fig. 1. The colour change is caused by ring-opening isomerization ini-
tiated by high photoelectric energy. Depending on the type of photochromic dye,
the reverse reaction to the dye’s uncoloured state is triggered by visible light
(P-type) or by temperature (T-type) [7, 8].

Both digital inkjet printing and UV-curing are resource-efficient technologies,
which conserve unnecessary amounts of chemicals and energy, as well as waste that
is produced. Furthermore, the combination of these technologies introduces process
flexibility in regards to produced run lengths, change in pattern and ink [9–11].

Digital inkjet printing puts high physical requirements on the development of the
printing ink to guarantee ink jet ability and storage. Properties like the ink’s sta-
bility, particle size, surface tension and viscosity have to be compatible with the
chosen print head.

In this paper, ink has been developed containing a commercial photochromic
dye, mixture of acrylate monomer and oligomer and a UV–LED photo-initiator.
The role of UV light as curing initiator and activator of the photochromic colour
change and its influence on the performance of the UV-sensing prints is explored.
The production of the textile UV sensor using digital inkjet printing and UV-curing

Fig. 1 Scheme of change in
absorption spectra between
the colourless, ring-closed
isomer A and the coloured,
ring-opened isomer B
initiated by UV light and
reversed by either visible light
or temperature
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is optimized using different UV light intensities; 1, 25 and 80% of the maximum
dosage, and two different conveyor belt speeds; 50 and 300 mm/s, during curing.
The smart textile UV sensor is characterized and evaluated in terms of colour yield,
colouration and decolouration rates and degree of polymer crosslinking of the ink
on the textile surface. The mechanical properties of the UV-sensing textile are
influenced by the different curing intensities. The change in stiffness of the pho-
tochromic prints is determined via DMA measurements.

2 Experimental Part

As described previously [12], a photochromic inkjet ink, which consists of a
UV-curable carrier and a commercial photochromic dye Reversacol Ruby Red
(Vivimed Labs, UK), was used to produce photochromic prints on plain-woven
polyester fabric of 147 g/m2 (FOV Fabrics, Sweden). The UV-curable carrier
consists of dipropylene glycole diacrylate monomers (DPGDA), amine modified
polyetheracrylate oligomers Ebecryl 81 (Allnex, Belgium) and a UV–LED
photo-initiator Genocure TPO-L (Rahn AG, Switzerland). A digital inkjet printing
system featuring a piezoelectric drop-on-demand print head Sapphire QS-256/10
AAA (Fujifilm Dimatix, USA) was used to produce prints in multi-pass mode
with 3, 5 and 10 layers of photochromic ink (Fig. 2a). To cure the prints, a FireJet
UV–LED lamp (Phoseon Technology, USA) with emission wavelengths of 380 to
420 nm was used (Fig. 2b).

Ink characterization is done to ensure jetting of the ink formulation and desired
drop placement on the textile. Essential ink properties and specifications according
to the print head requirements are the fluid’s surface tension, viscosity, overall
stability of the ink and the particle size. The surface tension of the ink is measured
using a tensiometer One Attension (Biolin Scientific, Sweden) as pendant drop. The
ink viscosity is measured at a shear rate of 10,000 s−1 at 20 °C using a rheometer

Fig. 2 a Digital inkjet printing system featuring a piezoelectric print head for UV-curable ink and
b curing of photochromic ink using a UV–LED lamp with emission wavelengths of 380–420 nm
on plain-woven polyester fabric
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Physica MCR 500 (Anton Paar, Austria). Particle size assessment is done via
filtration and ink stability is tested via storage tests.

For process and sensor optimization, curing parameters were varied by
(i) change in transportation speed of the print passing the UV source, i.e. conveyer
belt speed, and (ii) intensity of the maximum UV–LED lamp power, i.e. lamp
intensity. Conveyer belt speeds varied among 50 or 300 mm/s and were combined
with 1, 25 or 80% of the maximum lamp intensity as the production process scheme
shows in Fig. 3.

The inkjet-printed and UV-cured photochromic ink on polyester fabric is heated
from 25 to 290 °C at a scanning rate of 10 °C per min using a Q1000 DSC (TA
Instruments, USA). The shift of the melting peak of polyester is used to analyse the
degree of crosslinking of the ink for each curing setting; respective belt speed and
lamp intensity. The photochromic print’s colour properties were measured using a
custom-made LCAM Photochrome spectrophotometer (Technical University of
Liberec, Czech Republic), which enables continuous colour measurements upon
various cycles of UV activation and reversion [13]. The textile UV sensor’s per-
formance is characterized by the achieved colour yield DK/S, colouration rate
kcolouration and decolouration rate kdecolouration upon isomerization between the
uncoloured and coloured state of the photochromic dye. The influence of the dif-
ferent curing settings on the mechanical properties of the photochromic prints on
the polyester fabric is measured using a Q800 DMA (TA Instruments, USA). The
stiffness of the textile UV sensors is determined via the storage modulus as a
function of frequency. The storage modulus was measured at a frequency sweep
between 1 and 12 Hz with a preload force of 0.01 N.

Fig. 3 Production process scheme of a printing and b curing of photochromic prints on polyester
fabric
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3 Results and Discussion

The developed UV-curable photochromic ink fulfils the requirements of the
Sapphire QS-256/10 AAA print head with the following specifications:

• Surface tension: ca. 35 mN/m
• Viscosity: 10–14 mPa s
• Particle size: <0.1 lm
• Ink stability.

The different curing settings; combinations of 50 mm/s and 300 mm/s belt speeds
and 1, 25 and 80% of maximum lamp intensity influence the crosslinking densities
of the printed polyester fabrics and alter achievable colouration yields, as well as
colouration and decolouration rates. High colour yields DK/S and fast reaction rates
kcolouration and kdecolouration of the photochromic dye in the UV-curable matrix
between the uncoloured and coloured states are favoured by high belt speed and
low lamp intensity.

As shown in Fig. 4a, the storage modulus of the inkjet-printed and UV-cured
polyester fabric obtained higher storage modulus than the nonprinted polyester
sample. The crosslinking of the UV-curable ink increased the hardness of the
overall textile sensor. Furthermore, the sample cured at higher UV dosage, i.e. at
50 mm/s belt speed with 80% lamp intensity, had a higher storage modulus. At a
frequency of 12 Hz, the polyester fabric without print has a storage modulus of
300 MPa. A photochromic print cured at low intensity, i.e. conveyor belt speed of
300 mm/s and lamp power of 1%, increases the storage modulus to ca. 1000 MPa.
For prints, which undergo strong curing, i.e. 50 mm/s belt speed and 80% lamp
intensity, the storage modulus reaches 1400 MPa. This suggests that there are more

Fig. 4 a Increased storage modulus of photochromic prints on polyester in comparison to the
polyester fabric reference. Print cured at highest intensity, i.e. belt speed of 50 mm/s and lamp
intensity of 80% has highest stiffness throughout a frequency sweep of 1–12 Hz. b Bendability
demonstrates suitable flexibility of the textile UV sensor cured at 50 mm/s belt speed with 80%
lamp intensity in use
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crosslinks of the sample cured under higher dosage of UV exposure. The same
trend is confirmed by DSC measurements, which present an increase in melting
peak as a function of curing intensity. However, the textile sensor is still bendable
and rather flexible for the sample cured at 50 mm/s belt speed with 80% lamp
intensity (Fig. 4b).

4 Challenges and Conclusion

This paper demonstrates the potential of combined digital inkjet printing and UV–
LED curing in a resource- and cost-efficient textile production process. We con-
clude that changes in UV light intensity and belt speed during the curing process
achieve distinct results in terms of colouration yields and kinetics of the colouration
and decolouration reaction of the photochromic dye. These changes also affect the
degree of polymer crosslinking, which influences the durability of the smart textile
UV sensor in use. The degree of polymer crosslinking also influences the stiffness
of the UV-sensing textiles. The stronger the curing intensity, the higher is the
storage modulus of the printed fabrics as a result of higher degree of polymer
crosslinking. However, in use, the flexibility of the photochromic prints, irrespec-
tive of curing intensity, is suitable for wearable applications, such as smart textile
sensors.

In addition, we explore the effect of washing on the colour performance and
switching reactions of the textile UV sensor. High belt speed and lower UV–LED
light intensity enables faster colour changing and higher colour yield. The same
effect is seen after washing despite a lower degree of polymer crosslinking.
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Direct Printing of Light-Emitting Devices
on Textile Substrates

Inge Verboven and Wim Deferme

Abstract Smart textiles are a rapidly expanding field in the world of textiles,
announcing a new and intriguing era. Different functionalities can be added to the
textile to make the textile smart and intelligent. One of these functionalities is the
addition of light-emitting layers or devices that can be incorporated into the textiles.
These light-emitting textiles find a broad application in the field of interior and
exterior design and wearable applications. Depending on the application, two
light-emitting devices, the alternating current powder electroluminescent (ACPEL)
device and the organic light emitting diode (OLED), both consisting out of a stack
of thin layers, can be directly printed on top of the textile substrates. With its
relatively high AC voltage of 50–200 V, the ACPEL device is more suited for
interior and exterior applications while the OLED with a low DC voltage of 3–5 V
is a perfect candidate for wearable applications. To maintain typical textile prop-
erties such as flexibility, breathability and drapability, different smart designs of the
ACPEL devices are suggested, screen printed and analysed. More challenging is to
apply the OLEDs on textile substrates. The very thin nanometre range layers make
a planarizing layer to smoothen the textile surface indispensable. Different tech-
niques such as spin coating, ultrasonic spray coating, inkjet printing and thermal
evaporation are used to apply the complete OLED stack.

1 Introduction

Textiles with an enhanced functionality by integrating electronics, also named
smart textiles, gained a lot of interest and significance during the last years. This
emerging technology is pushing the boundaries of sciences forward and finds its
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application in numerous fields. One approach of functionalizing textiles is to
incorporate light-emitting layers or devices. These luminous textiles show promise
in the field of interior and exterior design and wearable applications such as pro-
tective clothing and even healthcare in the form of light therapy.

For this purpose, two light-emitting devices, the alternating current powder
electroluminescent (ACPEL) device and the organic light-emitting diode (OLED),
are selected, manufactured and investigated. Both devices consist of thin flexible
layers, making it possible to be coated or deposited directly onto the textile surface
and therefore maintaining typical textile properties such as flexibility, drapability
and breathability. ACPEL devices operate with an AC voltage of 50–200 V,
making them too hazardous for wearable applications, but highly suited for interior
and exterior applications such as flags, banners and wallpaper. Layer thicknesses
are in the micrometre range and applied using the screen printing technique fol-
lowed by an annealing step. OLEDs, on the other hand, only need a DC voltage of
3–5 V to emit light and are therefore a perfect candidate for lighting wearables.
They have much thinner nanometre layer thicknesses that are deposited using
vacuum deposition techniques or solution processing techniques such as spin
coating, ultrasonic spray coating and inkjet printing. When exposed to oxygen and
water vapour, OLEDs degrade much faster than the ACPEL devices and are
therefore in need of a high-barrier encapsulation.

Years of research have gone into the development and insight in the working
principles of the light-emitting devices. It all started in 1907 when the phenomenon
electroluminescence was observed for the first time by Henry Round when he let a
current pass through a silicon carbide detector [1]. In 1936, George Destriau was
the first to name the phenomenon during his experiments with powder phosphors
suspended in oil [2]. By exposing phosphor materials to a high electric field,
non-thermal generation of light, or electroluminescence (EL) occurs. The intro-
duction of transparent conducting electrodes based on tin oxide (SnO2) in the late
1940s gave a boost to the research of scientists and raised the interest of the industry
[3]. This led to the development of the first practical EL device in 1952. Engineers
at Sylvania Electrical Products Inc. produced and presented an inorganic powder
EL panel [4]. During the 1950s, research into the EL device and electrolumines-
cence was conducted worldwide. The new light source was very popular due to its
characteristics such as a low power dissipation, a multicolour emission, its flatness
and the lack of catastrophic failure. The first developed devices consisted out of a
doped ZnS powder suspended in a dielectric and sandwiched between two (trans-
parent) electrodes and the structure of the devices nowadays has not changed much
since then. In the decades that followed, the devices lost interest due to their low
brightness, lifetime and efficiency. However, in the 1980s, the research was revived
to tackle these shortcomings and the devices were commercialized to be used in
advertisement and displays [1, 2, 4].

In 1987, the first small molecules OLED (SM-OLED), presented by Tang and
Van Slyke, announced the upcoming of organic electroluminescence [5]. The most
basic OLED stack consists out of two electrodes between an emissive layer.
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Small molecules, however, are usually deposited using expensive and
non-roll-to-roll compatible vacuum evaporating techniques, but their material
properties can be adapted relatively easy. Polymers, on the other hand, can be
applied using low-cost solution processing techniques and possess a better chemical
stability. Therefore, in 1990, Burroughs and his group from the University of
Cambridge manufactured the first polymer OLED (P-OLED) with a conjugated
polymer polyparaphenylenevinylene (PPV) as emissive layer [6]. Gustafsson et al.
revealed the first flexible OLED on polyethylene terephthalate (PET) in 1992 [7].

The past years, numerous attempts into incorporating light-emitting devices on
textile substrates have been made. In case of the ACPEL device, these attempts
were very successful. de Vos et al. presented a smart fabric EL lamp directly screen
printed onto woven fabric [8]. Subsequently, they obtained similar performances
with flexible ACPEL lamps deposited by using a novel dispenser printing tech-
nique. ACPEL devices were fabricated onto PET mesh fabrics by Bin Hu et al. [9].
As a transparent electrode, the conductive polymer PEDOT:PSS was inkjet printed
onto the textile. To complete the stack, a phosphor powder was mixed with an
epoxy resin and dispensed onto an aluminium (Al) foil. All these devices, however,
have a light-emitting surface that completely covers the textile, maintaining only
the flexible properties of the substrate. To also preserve other typical textile
properties such as drapability and breathability, this work addresses diverse smart
ACPEL designs that are screen printed and characterized on their crease recovery,
air permeability and light output.

Incorporating OLEDs into textile substrates is, however, not so straightforward
due to their very thin nanometre layer thicknesses, often causing short circuits.
Mostly the devices are deposited onto other non-textile substrates and subsequently
attached to the textile surface. At the Fraunhofer Insitute in Germany, a research
group integrated miniaturized OLEDs on plastic foils onto textiles by using con-
ductive adhesives (TexOLED project) [10]. In other research, the same group
developed a fibre-based OLED, similar to other research groups [11–13]. The light
output of those fibre OLEDs is nevertheless very limited due to the 360° scattering
of light. Woohyun Kim et al. presented an OLED on soft fabrics for wearable
display purposes [14]. They used a lamination and spin coating process to apply
polyurethane (PU) and poly(vinyl alcohol) (PVA) layers onto the fabric to planarize
the relatively rough surface. In this work, OLEDs are directly deposited onto the
textile substrates to preserve the previously named properties of the textiles. It is
more challenging to apply the OLEDs directly onto the textiles as they are in need
of a high barrier encapsulation and planarizing layers to overcome the roughness of
the textiles.
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2 Working Mechanism and Device Manufacturing

2.1 ACPEL Device

2.1.1 Working Mechanism

Figure 1 shows the typical layer stack of an ACPEL device in its standard and
reversed structure. The following layers can be distinguished: a substrate (a), a
transparent electrode (b), a phosphor layer (c), a dielectric layer (d) and another
electrode (e) The phosphor layer consists of doped zinc sulphide (ZnS) powders
with a particle size of 5–20 µm. The total thickness of the device is around 40 µm.

Extensive research into the working mechanism has been conducted, leading to
several theories, but the bipolar field-emission model or Fisher model has been
pushed forward as the most generally accepted theory [15–17].

When he applied a certain threshold voltage, Fisher observed a line-shaped light
emission that looked like two comets fleeing each other, covering almost the entire
diameter of a phosphor particle (Fig. 2). To explain this occurrence, he started by
looking at the manufacturing process of the ZnS powder particles. These are pro-
duced by a high temperature (1100–1200 °C) firing process. During the cooling
down, a phase transition of the hexagonal phase (wurtzite) to the cubic phase (zinc
blende) takes place and due to their similar lattice energies, many imperfections and
screw dislocations are formed. Excessive copper (Cu), that is added as a dopant
before the firing process, participates on those defects and forms high conductive
copper sulphide (Cu2-xS) needles.

Within the conductive needles, electrons can freely move around, which is not
the case for the semiconductor ZnS where a bandgap has to be overcome (Fig. 3).

When an electric field is applied, the conductive needles, with a component
parallel to that field, relax so they remain at equal potential. This results in a field
intensification from the centre to the tips of the needle that causes an alteration of

Fig. 1 Standard and reversed structure ACPEL device
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the energy bands and makes tunnelling of holes and electrons from the needle to the
ZnS possible (Fig. 4).

The injected electrons possess a relatively high mobility compared to the injected
holes. The latter is quickly captured by deeper lying levels and form a positive space
charge around the needle. The holes trapped in front of the positive end of the needle
create a polarization field that prevents further hole emission and electron emission

Fig. 2 Observed EL lines
[18]

Fig. 3 Electric field lines and band model before applying an external electric field [18]

Fig. 4 Electric field lines and band model after applying an external electric field [18]
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from the negative end of the needle. When the electric field is reversed, injected
electrons from the negative end of the needle recombine with the trapped holes at the
positive end of the needle and recombination radiation or primary light emission
takes place (Fig. 5). A secondary light emission may occur due to electrons,
returning from the opposite end, recombining with the trapped holes.

2.1.2 Device Manufacturing

The layers of the ACPEL devices are applied using the screen printing technique
[19]. This technique deploys a screen or a woven mesh of synthetic fabric or metal
wire to transfer a paste or ink onto a substrate. The substrate is positioned on the
substrate holder and the screen is placed directly above it. A paste or ink, which has
been deposited onto the screen, is pushed through the open areas of the screen by a
moving fill blade or squeegee. When the blade reverses, it removes the excessive
paste or ink. Screen printing is a roll-to-roll compatible and low-cost technique.

The complete layer stack (Fig. 6) is screen printed on a polyester fabric with a
roughness lower than 1 µm. After the deposition of every layer, a thermal annealing
step is required at 130 °C for 10 min to obtain uniform layers of 10 µm thickness.
First, an Ag bottom electrode (Gwent) is applied on top of the substrate. This layer is
also used to planarize the roughness of the substrate. Subsequently, a barium titanate
(BaTiO3) dielectric layer (Gwent), a light-emitting Cu-doped ZnS layer (Gwent) and
a transparent PEDOT: PSS EL-P 3145 top electrode (Orgacon) are screen printed.
Light is generated by applying an AC voltage of 80 V at a frequency of 400 Hz.

2.2 OLED

2.2.1 Working Mechanism

OLEDs are semiconductor devices which, in their most basic form, consist of an
organic emissive layer (EL) sandwiched between two inorganic (transparent)

Fig. 5 Electric field lines and band model at field reversal [18]
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electrodes (Fig. 7). To increase the performance of an OLED, several layers,
electron and hole injection, transport and blocking layers (EIL, ETL, EBL, HIL,
HTL and HBL), can be added to the OLED stack. The latter has a total thickness
around 1 µm with layers thicknesses varying between 1 and 200 nm. By applying a
DC voltage of only 3 to 5 V, the OLED will emit light through the bottom
(BEOLED) or the top (TEOLED).

Research into the working mechanisms of an OLED has been thoroughly con-
ducted and numerous papers and other publications give a detailed description of
the mechanism [20–22]. For an OLED to emit light, following processes take place
sequentially: charge injections at the anode and cathode, charge transportation
through the layers, recombination and exciton formation in the emissive layer and
the emission of light (Fig. 8).

An important property of the electrodes is the minimum energy required to
extract an electron, also called the work function. At the cathode, it is easy to
remove an electron as it has a low work function, and at the anode, the opposite is
true, hence it has a high work function. For the OLED to work properly, this
built-in potential is absolutely critical.

Charge injection into the Fermi level of the electrodes takes place when a DC
voltage is applied across the OLED. Electrons are injected into the cathode and
holes into the anode. When a certain threshold voltage is reached, the electrons
translocate into the lowest unoccupied molecular orbital (LUMO) and the holes into
the highest occupied molecular orbital (HOMO) of the adjacent layer. The charges
are then transported through the LUMO and HOMO level of the other layers
towards the emissive layer. During their travel, they have to overcome energy
barriers at the layers interfaces, increasing the driving voltage. According to the
Langevin theory, electrons and holes will recombine and form excitons when the
distance between them is so small that their mutual binding Coulomb energy is
greater than the thermal energy. These excitons return to their ground state by
releasing energy in the form of photons, also called recombination radiation.

Fig. 6 Screen-printed stack ACPEL device
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2.3 Device Manufacturing

The TEOLEDs (Fig. 9) are manufactured on glass, PET and textile substrates by
applying various deposition techniques. The textile substrates are fairly rough
compared to the nanometre layers of the OLED and to avoid short circuits a
planarizing layer is added. For this purpose, polyurethane (PU) or acrylate is
laminated onto the textile substrate. To prevent the OLEDs from fast degradation, a
high barrier encapsulation of alternating organic and inorganic layers is applied
using plasma techniques [23]. On top of the barrier layer, a 200 nm Ag anode is
thermally evaporated at a base pressure of 10−7 mbar. Thermal evaporation is a
vacuum deposition technique where a current is sent through intermetallic boats
containing the deposition material [24, 25]. Due to the current, the boats are heated
and the deposition material is melted and evaporated onto the above lying samples.
Subsequently, a 35 nm hole injection/transport layer of the conductive polymer
PEDOT:PSS Clevios™ P AI 4083 (Heraeus) is spin coated under a fume hood.
Spin coating is a lab-scaled thin film deposition technique [26]. The deposition

Fig. 7 Basic OLED stack

Fig. 8 Working mechanism OLED
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material is dispensed in the centre of the sample which is rotated at a high speed and
acceleration and a thin uniform film is obtained. An active emissive layer of 80 nm
is deposited using the same spin coating technique, but in an inert atmosphere
glovebox system (O2/H2O ppm < 0.1). This layer contains the PPV-polymer Super
Yellow PDY-132 (Merck) which is dissolved in chlorobenzene with a mass con-
centration of 5 mg/ml and stirred overnight at 50 °C. As a transparent top cathode
Ca/Ag of, respectively, 12 and 17 nm is thermally evaporated at a base pressure of
10−7 mbar. To finish the OLED stack, another barrier layer is added using plasma
techniques.

3 Results and Discussion

3.1 ACPEL Device

Smart Designs

Most ACPEL devices have a light-emitting area that (almost) completely covers the
entire surface of the substrate. If such a device is manufactured on textile substrates,

Fig. 9 TEOLED stack
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it seriously limits the air permeability and the drapability of the used fabric. To
maintain these typical textiles properties, several smart designs based on a
hexagonal cell structure of the ACPEL device were screen printed. An example of
such a screen design can be seen in Fig. 10.

Both the electrodes, the Ag bottom layer and the transparent PEDOT:PSS layer,
have a honeycomb structure with a line width of 0.5 mm. The dielectric and
phosphor layer consist only of dots on the cross points of that structure. The amount
of dots is alternated between three dots per hexagon, referred to as the single pixel
design, and six dots per hexagon or the dual pixel design. The diameter of the dots
is varied between 1.5 and 2.5 mm (Fig. 11).

Scanning electron microscopy (SEM) is a technique to obtain magnified and
detailed images of the different designs of the ACPEL devices. This technique scans
the surface of a sample with a focused beam of electrons. Information on the
sample’s surface morphology and composition is obtained due to the interaction of
the electrons and the atoms of the sample. Figure 12 demonstrates the light-emitting
ACPEL devices with the different designs and the corresponding SEM images.

Air Permeability and Crease Recovery Angle

The air permeability indicates how easily air can pass through the ACPEL devices.
For this purpose, a FX3300 LabAir IV Air Permeability tester is used [27]. By
means of a vacuum pump, the device sends air through the sample that is clamped
in a circular sample holder. When stable conditions are reached, the air flow is
measured multiple times and on different spots of the sample to obtain accurate
results. Alternating the amount of dots and their size obviously changes the air
permeability and crease recovery angle of the ACPEL devices. These properties are
measured for each design and compared with each other to determine the most
promising and optimal design.

Figure 13 shows that when the diameter of the dots is decreased, more air can
pass through, hence a higher air permeability is measured. It can be noticed that the
air permeability of the single pixel design does not differ a lot when the diameter of
the dots is alternated. This is, however, the case for the dual pixel design where the
air permeability of the dots with a diameter of 2.5 mm is almost a third of that of the

Fig. 10 Screen design of hexagonal structure
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dots with a diameter of 1.5 mm. Furthermore, the graph also indicates that the air
permeability is comparable for the dual pixel design with 1.5 mm diameter dots and
the single pixel design with 2 mm diameter dots.

The crease recovery shows the ability of the ACPEL devices to return to their
original state after creasing. The textile is folded for 180° by applying a weight of
1 kg on top and kept folded for 5 min and for 30 min. When the weight is removed,
the textile tries to return to its initial state and the crease recovery angle or the angle
of the textile’s return is measured. It is to be expected that the more the surface of

Fig. 11 Single and dual pixel design

Fig. 12 Light-emitting ACPEL devices and corresponding SEM images

Fig. 13 Air permeability of
ACPEL devices
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the fabric is covered by a coating, the less the crease recovery angle will be. This is
confirmed by the measurements and is indicated in Fig. 14. A fabric with a fully
covered surface has the lowest crease recovery angle and a non-coated fabric has
the highest. The samples with the dual pixel design with diameter 2.5 and 2 mm do
not demonstrate a better recovery after bending. Better results are noted for the
fabrics with a single pixel design.

Light Measurements

The light output performances of the ACPEL devices are measured using a Keithley
2401 source metre to obtain the current and voltage characteristics and using an
absolute calibrated integrating sphere spectrometer from Avantes to acquire the
irradiance for every wavelength. The electrical power was obtained by calculating
the integral of the irradiance–wavelength graph. The light output was acquired by
comparing the electrical power to the coated area. Figure 15 shows the results of the
light output measurements and calculations. In this graph, the designs are compared
to a fully covered ACPEL device. The dual pixel designs demonstrate half of the
light output of that of the fully covered ACPEL device. The light output of the
single pixel designs is even less than half of that.

Fig. 14 Crease recovery
angle of ACPEL devices

Fig. 15 Light output ACPEL
devices
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Optimal Design

Based on the application, different designs can be optimal. If it is important that the
textile substrate preserves as much as possible its textile properties such as flexi-
bility, drapability and air permeability and the light output is less important, then the
single pixel design with a diameter of 2 mm is the best option. If, however, the light
output is more essential, the dual pixel design with a diameter of 1.5 mm is optimal.

3.2 OLED

Challenges and Advantages

More challenging than the screen-printed ACPEL devices is the application of
OLEDs on textile substrates. The roughness profile of the polyester sample
(Fig. 16) measured with a Dektak profilometer indicates that the roughness can be
found in the micrometre range, while the total thickness of the OLED stack
amounts to only 0.5 µm and therefore the required surface roughness has to be
below 5 nm.

So a planarizing or smoothing layer is an absolute necessity in order to prevent
short circuits for the OLED. Due to their fast degradation when exposed to oxygen
and water vapour, a high barrier encapsulation is also necessary, but to find and
apply such a layer is not so straight forward. The requirements for an OLED
encapsulation are very high, water vapour transmission rates (WVTR) and oxygen
transmission rates (OTR) must be lower than respectively 10−6 g m−2 per day and
10−3 cm3 m−2 per day [28]. Another challenge lies in the applied deposition
techniques, which can be quite expensive and are not necessarily roll-to-roll
compatible. Promising is, however, the rise of printing techniques, which are far
less expensive and roll-to-roll compatible.

Fig. 16 Roughness profile polyester
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Device Built-up

As means of experiment, the OLED stack is first completed on glass and PET
substrates, before tackling textile substrates.

To planarize or smoothen the surface of the textile substrate, printable PU or
acrylate is laminated onto that surface (Fig. 17).

To protect the OLEDs from degradation under influence of ambient conditions, a
high barrier encapsulation system is applied using plasma techniques as shown in
Fig. 18 [29]. The encapsulation consists of an oxygen-free silicon nitride
(SiN) layer followed by an alternation between high barrier inorganic materials, for
example, silicon oxide (SiOx), and softer low barrier organic materials. The first
layer protects the OLED against the deposition of the latter alternating barrier
system. The alternation of organic and inorganic material stops the formation of
defects leading to an increase in the diffusion length and good barrier properties.

After the encapsulation, a bottom Ag electrode of 200 nm is thermally evaporated
and both the 35 nm PEDOT:PSS HIL/HTL and the 80 nm SY EL are spin coated,
the first under a fume hood, the second in an inert glovebox system. The applied
deposition techniques are not roll-to-roll compatible; furthermore, thermal evapo-
ration is very expensive. As alternatives for both techniques, the materials can be
applied using inkjet printing or ultrasonic spray coating. The inkjet printing tech-
nique is well known for its multiple uses in households and industries. This con-
tactless printing technique recreates a digital image on a substrate by ejecting ink
droplets. Ultrasonic spray coating is a large-area deposition technique where a
continuous flow of micro-sized spherical droplets is created by atomizing the ink at
the nozzle of the spray head. The ultrasonic spray coating process does not affect the
polymer side chain nor the backbone of the PPV polymer, as stated in next work [30].

The top electrode has to be transparent since the light has to pass through the top
of the OLED. In recent years, extensive research has been conducted on innovative
materials for transparent electrodes [31]. Here, two different approaches to acquire a
transparent top cathode were followed, inkjet-printed metal grids and thermally
evaporated very thin metal layers as shown in Fig. 19 [32]. Ag grids with hexag-
onal and triangular structures with a thickness of 150–250 mm were inkjet printed

Fig. 17 Printable PU and acrylate laminated on textile substrates
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on glass substrates and sintered at 200 °C. To obtain a very thin and transparent
cathode, gold (Au) layers were thermally evaporated onto glass samples with a
varying thickness of 1–15 nm.

Both the grids and the thin layers were examined for their sheet resistance and
their transparency. Figure 20 demonstrates the transparency of both the grids and
the thin layers. It is clearly shown that the Ag grids show a much higher trans-
parency (70–90%) than the Au layers (25–70%). The hexagonal structured grids
have the highest transparency.

Table 1 Sheet resistance of Au layers and Ag grids lists the results from the sheet
resistance measured with the Van der Pauw set up [33]. The grids showed a
lower sheet resistance of 0.82–2.7 X/□ than the thin metal layers which obtained
3.2–123.7 X/□.

If one only looks at these two characteristics, the Ag grids are clearly pushed
forward as the winner. There is, however, a deal breaker, the used commercially
available ink has to be sintered at 200 °C, a temperature that will terminate the
underlying layers. A solution for this could be the usage of new commercially
available Ag inks, based on precursors instead of Ag nanoparticles, which can be
sintered at a much lower temperature [33].

Fig. 18 High barrier encapsulation system

Fig. 19 Thermally evaporated Au layers and inkjet-printed structures on glass substrates
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To obtain the necessary built-in potential between the two electrodes, a low work
function material, Ca for example, has to be inserted before the cathode. To apply
this layer, mostly vacuum deposition techniques are used. That is the reason that in
this work, a Ca/Ag electrode of respectively 12 and 17 nm was thermally evapo-
rated on top of the emissive layer. The stack was completed by adding another high
barrier encapsulation.

Fig. 20 Transmittance of Au layers and Ag grids

Table 1 Sheet resistance of
Au layers and Ag grids

Rs (X/□)

HEX125 2.7

HEX100 1.5

HEX075 1.5

TRI115 1.2

TRI087 0.82

Au 1 nm >20 M

Au 2.5 nm >20 M

Au 5 nm >20 M

Au 7.5 nm 123.7

Au 10 nm 11.5

Au 15 nm 3.2
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Completed Devices

As stated above, the OLED stack was completed on glass, textile and PET samples.
The degradation, and thus reduced light output in function of the time a man-

ufactured OLED on glass, taken out of the glovebox system after encapsulation, is
shown in Fig. 21: Time course of OLED on glass. After deposition of the layer and
before encapsulation, the sample shows already some visual defects and pinholes.
Subsequently, the sample is encapsulated using plasma techniques and placed
outside the glovebox system in ambient conditions. A similar light output is
observed right after the sample was brought in ambient conditions. After 19 h, more
than half of the light output was lost and eventually after 43 h, only some
light-emitting dots could be distinguished. The encapsulation shows a lot of pro-
mise, there is, however, plenty of room for improvement.

The PET sample shows a lot of promise as can be seen in Fig. 22. OLED on
PET and textile substrates. It has a very nice uniform light output and can be bent in
both directions without any loss of light performance. No cracks or other defects
can be distinguished even after creasing the sample. Unfortunately, the textile
sample is not so successful since only a few dots lit up. This is possibly caused by
the effect of chlorobenzene, the solvent used for the emissive layer, on the pla-
narizing layer. This somewhat harmful solvent introduces a lot of defects
throughout the OLED layer making it impossible to have a uniform light output.

Fig. 21 Time course of OLED on glass

Fig. 22 OLED on PET and textile substrates
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4 Conclusion and Outlook

Smart textiles can be obtained by integrating light-emitting devices onto the textile.
The two manufactured and examined light-emitting devices, the ACPEL device and
the OLED, show a lot of promise. They are built up with a stack of very thin layers
making it possible to be deposited on flexible substrates such as textiles.
The ACPEL device is suited for interior and exterior design due to its high oper-
ating voltage of 80–200 V. Different smart designs with a hexagonal structure of
the ACPEL device were screen printed on textile substrates maintaining typical
textile properties such as breathability and drapability. Depending on the applica-
tion, different optimal structures can be indicated. When the emphasis is on
maintaining typical textile properties, the optimal structure can be found in the
single pixel design with 2 mm diameter dots. If on the other hand, the light output is
also of high importance, then the dual pixel design with 1.5 mm diameter dots suits
the best. OLEDs, on the other hand, have an operating voltage of 3–5 V and can,
therefore, be used in wearable applications. Other advantages of the OLEDs are a
very low power supply, a low energy consumption, a good efficacy, a bright and
uniform light output and a wide range of vision. There are, however, some chal-
lenges such as the necessity of a high barrier encapsulation and the use of
non-roll-to-roll compatible and expensive deposition techniques. For now, high
barrier encapsulations are still applied using a combination of printing and plasma
techniques. To deposit the other OLED layers, innovative printing techniques such
as inkjet printing and ultrasonic spray coating are gaining more and more impor-
tance. Adequate research into a proper barrier layer, a planarizing layer, a trans-
parent top electrode and roll-to-roll deposition techniques is ongoing and will bring
the OLED technology from glass or PET foils towards textiles.
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